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3/4 blade chord
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normal relative velocity
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tangential relative velocity

x local tip speed ratio

X tip speed ratio
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xe,ye,ze coordinate system on the blade cross section after

blade flapping

xa,ya,za coordinate system on the blade cross section after

accounting for the pretwist angle
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P
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coordinate system at rotor center accounting for the

coning angle
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Linearized Model for Wind Turbines in Yaw

1. INTRODUCTION

Wind-powered machines can be classified into two types according

to the orientation of the axis of rotation: horizontal-axis wind

turbines and vertical-axis wind turbines. For a horizontal-axis wind

turbine, the system can be further distinguished as either a downwind

rotor or an upwind rotor system. When the rotor is upwind of the

tower, the system usually has a yaw controller to force the wind

turbine to track the wind mechanically. There is often no need for a

yaw controller in the downwind rotor case. When the rotor is downwind

of the tower, the wind turbine will typically track the wind. Most of

the downwind turbines are free-yaw systems.

Unfortunately, in many free-yaw systems, a yaw instability can

occur: instead of tracking with the wind, the turbine yaws away from

the wind.

Little work has been done on wind turbines in yaw. Most of the

previous work has been on the structural dynamics and control of wind

turbine systems. The cause of the yaw instability has still not been

fully understood.

The technology and methodology used to develop present-day wind

turbines are adapted from the fixed and rotating wing aircraft

technology. Ribner [16] has done an analysis of induction velocity

and side force in terms of the shape of the blade when the propeller

is yawing. For wind turbines, Miller [13] looked into the static

stability characteristics of horizontal-axis wind turbines with a
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free-yaw system operating only in a low wind condition (i.e., no stall

model). Hirschbein [7] analyzed the dynamics and control of large

horizontal-axis axisymmetric wind turbines in his Ph.D. thesis. He

modeled the blade motion by considering the blades to be composed of

an inboard series of massless, rigid links restrained by linear

springs and dampers with a much larger, massive blade attached to the

outermost link.

In this dissertation, yaw of wind turbines will be studied by

using a four-degree-of-freedom system to represent the axisymmetric

wind turbine system. The study will focus on the cause of yaw

tracking errors and the characteristics of the yaw static stability.

This will be done by developing the equations of motion of the system

and then studying from the coefficients of the equations. The

equations of motion of the rotor are developed using the Lagrange

method, and the aerodynamic forces and moments are developed using the

quasi-static blade element theory. The aerodynamics of wind turbines

in the stall region is also considered.

The analysis is primarily developed for a three-bladed horizontal

axis wind turbine, but it also can easily be applied to a turbine with

any number of blades greater than three. The contribution of the

nacelle to the rotor system is also examined.
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2. ANALYSIS

Development of the Equations of Motion

A four-degree-of-freedom system is chosen to model the

axisymmetric turbine system. The degrees of freedom are blade pitch

deflection, blade flap, nacelle yaw, and rotor speed. These degrees

of freedom are defined as follows: Blade pitch is defined as the

rotation of the blade cross section around the control axis; Blade

flap is defined as the deflection of the blade in the direction

perpendicular to the blade chord; Nacelle yaw angle is defined as the

angle of the nacelle around the yaw axis with respect to the wind; and

Rotor speed variation is defined as the variation of the rotor speed

from the nominal value.

The equations of motions are developed using the Lagrange method.

Since each of the variables is a function of time and radial distance,

the partial derivatives of these variables will be encountered during

the development of the equations of motions.

To avoid dealing with partial differential equations, the assumed

modes method [11] is used in this study. The purpose of this method

is to eliminate the spatial dependence from the dependent variable by

discretizing the spatial variable. Thus each of the system's degrees

of freedom is expressed as the product of the displacement function

(assumed mode shape), which is the function of the spatial coordinate,

and the time-dependent generalized coordinate. By this method, the

equations of motion of the system will be developed in ordinary rather

than partial differential forms.
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In order to attack the problem, the kinematics of the rotor are

first developed. Then, the kinetic energy is obtained from the

expression of the kinematics. The potential energy expression is

developed from the strain energy of the rotor system. With

quasi-steady blade element theory, the aerodynamic forces and moments

are developed. Then, the nonconservative forces in Lagrange's

equation are derived from the virtual work of the aerodynamic forces

and moments. Finally, when the Lagrangian functions and

nonconservative forces are substituted back into Lagrange's equation,

a set of nonlinear equations of motion of the rotor system is

obtained.

The rotor extracts energy from the wind, converting it into

mechanical energy. Since the energy is extracted from the airstream,

the velocity of the wake will be decreased. To represent the

reduction of the wind velocity at the rotor and in the wake, the axial

induction factor "a" [20, 22] is introduced. In this study the

nonrotating wake model is used. The local value of the axial

induction factor can be calculated by equating the windwise force

developed by using momentum theory, and the same force developed by

using blade element theory. The Glauert empirical relationship [4] is

used instead of the momentum theory when the axial induction factor is

greater than 0.38. The tip loss model is used to account for the flow

at the tip of the turbine blade. The development of the axial

induction factor and the tip loss model is presented in Appendix II.

The above steps lead to a set of nonlinear equations. If the

ranges of values of the dependent variables can be retricted, the
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system may be well-approximated as linear. In this study, the system

is analyzed in the linear range.

In the process of equation linearization, the variation of the

axial induction factor with yaw, pitch, flap, and rotational speed

will be encountered. Linearized aerodynamic forces and moments are

developed.

Let us define the variation of the induction factor with the

dependent variables as the summation of two terms: 1) the product of

a coefficient and the distance along the yaw axis of the rotor, and 2)

the product of a coefficient and the distance along the rotor pitch

axis.

+ kn sr9a = jn cost') lily

Here, * is the blade azimuth angle.

The value of the two coefficients, jn and kn, can be calculated by

equating the derivative of yaw or pitch moment developed by the

momentum theorem to the derivative of yaw or pitch moment developed by

the blade element theory.

With the known values of the coefficients, jri and kn, the

variation of the axial induction factor can be determined. The result

shows that the variation of the axial induction factor exists only for

the yaw and yaw rate variables in the uniform flow case.

The linearization of the aerodynamic forces and the variation of

the axial inducation factor are presented in Appendix II.
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The linearized rotor equations of motion are expressed in matrix

[M]fili) + + [K]fqi) = fG)

where {qi} is a four-dimensional generalized coordinate column vector

representing the system's degrees of freedom; fG) is a

four-dimensional forcing function column vector; [M], [C], and [K] are

the four dimensional square mass, damping, and stiffness coefficient

matrices, respectively.

For a large wind turbine system, gravity loads are very important

to dynamic and structural analyses. To make the analytical model for

the turbine system applicable regardless of the size of the system,

gravity loads are included in this study. The gravitational force is

added to the system by means of a potential function.

For a downwind system, the rotor is located behind the nacelle

and tower. The effect of the nacelle and tower shadow on the system

was studied.

The nacelle is considered as a slender body. The shape of the

nacelle is assumed to he a cylinder with hemispheres on both ends.

The equation of motion of the nacelle will be developed by using the

Lagrange method. The nacelle will be considered as a rigid body

rotating around its yaw axis when the kinetic and potential energy are

calculated. The nonconservative force on the nacelle is derived from

the virtual work of the nacelle. The forces on the nacelle are
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calculated by using slender body theory with forces generated only

from the forebody part of the nacelle.

The tower shadow is modeled as a velocity deficit from the rotor

axial velocity value over a selected region of the rotor disk. The

system's equations of motion are developed with the tower shadow.

Throughout this analysis the wind turbine is modeled with a

three-bladed rotor. The turbine blades are elastic. The hub,

nacelle, and tower are rigid. The nacelle is allowed to yaw freely.

The center of mass of the nacelle and rotor is located over the

central axis of the tower. This axis will be referred to as the

nacelle yaw axis.

The absolute motion of the turbine blade is determined by the

motion of blade deflection relative to the hub, the motion due to

rotor rotation, and the motion of the nacelle and tower. Since in

this analysis no movement of the tower is allowed, the tower is

considered as an inertial reference frame. A series of coordinate

systems is used to describe a point on the blade. A series of

transformation matrices is then used to transform the coordinate

systems that describe motion of a point on the blade in its original

reference frame into the inertial reference frame.

Two computer codes have been written to handle the numerical

computations which yield the coefficients for the equations of motion.

One of them has a simplified lift and drag curve in the stall region.

The other was developed later and was necessary because of the need

for a more accurate model for lift and drag in the stall region. This

second computer code only emphasizes the yaw equation, since it was
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found from the analytical results that there is no coupling between

yaw and the other degrees of freedom. The inputs to the computer code

are the geometry of the rotor, the wind condition, and the operating

conditions. Both computer codes will calculate the axial induction

factor along the blade at a particular tip speed ratio. At the same

time, they also calculate the integral terms for variation of the

axial induction factor with yaw and yaw rate. Finally, the programs

will calculate the coefficients in the equations of motion (mass,

damping, stiffness, and forcing function). Besides the coefficients

of the equations of motion, the codes also calculate the thrust and

power coefficients for the rotor.
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3. PHYSICAL CHARACTERISTICS OF TEST CASES

Two test cases are chosen to verify the analysis. The test

cases are the Grumman WS33 and the Enertech 1500. Both of these

machines are three-bladed horizontal axis downwind wind turbines.

Grumman WS33

The Grumman WS33 is a three-bladed, downwind machine designed to

interface directly with an electrical utility network. The machine is

rated at 15 kw at 24 mph and peak power of 18 kw at 35 mph. Utility

compatible electrical power is generated in winds between a cut-in

speed of 9 mph (4.0 m/s) and a cut-out speed of 50 mph (22 m/s) by

using torque characteristics of the unit's induction generator

combined with rotor aerodynamics to maintain essentially constant

speed.

The rotor's diameter is 33.3 feet. The blades are extruded

aluminum alloy with a modified NACA 644-421 airfoil section. The

blades are adjusted in pitch by a redundant pitch actuator system

controlled by a solid state programmable logic controller, the

Microcomputer Control Unit. The overall weight of the nacelle and

rotor assembly including the blades is 2,589 pounds. The blades

weighed 185 pounds each.

Power is generated by a 240/280 volt, 30,60Hz induction generator

with a 20kw capacity. The generator operates between 1800 and 1835

rpm. The gear box with 25.1 to 1 ratio will cut in at about 72 rpm

with full power being generated at a little above 74 rpm.
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The physical and operating characteristics of the rotor, the

blade, and the nacelle are given in tables 3.1, 3.2, and 3.3,

respectively. The information describing the Grumman WS33 was

obtained from reference 1.

The airfoil lift and drag coefficient of the Grumman WS33 are

plotted as functions of Reynolds number and angle of attack in Figure

3.1. These data are obtained from reference 19.

Table 3.1 Physical and operating characteristics of the rotor
of the Grumman WS33.

Rotor diameter
Blade chord
Root cut-out
Airfoil type
Rotor speed
Rotor coning angle
Number of blades

33.25 ft
1.5 ft
1.625 ft
NACA 644-421 (modified)
74.1 rpm
3.5°
3

Table 3.2 Physical and operating characteristics of the blade
of the Grumman WS33.

Blade density
Mass per unit length
Moment of inertia in flapwise direction
Moment of inertia in chordwise direction
Moment of inertia in radial direction
Modulus of elasticity
Shear modulus

5.2502 slug/ft3
0.38655 lug /ft

14.46 in4
4238.03 in

252.42 in4

10x1Ou psi
3.8x106 psi

Table 3.3 Nacelle properties of the Grumman WS33.

Distance of the nacelle yaw axis to blade hub
Length of the nacelle
Cross section area of the forebody end
Cross section area of the nacelle
Mass moment of inertia of the nacelle and

hub assembly around the yaw axis

2.931 ft
9.177 ft
3.713 ft
6.674 ft2

556.23 slug-ft2
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Figure 3.1 Airfoil sectional data for NACA 644-421 from reference 19.
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Enertech 1500

The Enertech 1500 is a downwind system with a three-bladed rotor.

The geometry and material properties of a blade of an Enertech 1500

wind turbine were measured. The blade has linear twist with slight

linear taper over the outer 22 percent of the rotor blade and the

blade's thickness is varied from root to tip. For the calculation of

the aerodynamic forces and moments, the blade profile section was

represented by the NACA 4415 airfoil section. The airfoil lift and

drag coefficients are plotted as functions of Reynolds number and

angle of attack in Figure 3.2. These data are obtained from reference

9. This rotor is designed to operate at tip speed of 117 fps (170

rpm). The physical characteristics of the rotor are presented in

Table 3.4.

Table 3.4 Physical and operating characteristics of the rotor
of the Enertech 1500.

Rotor diameter 13.12 ft
Blade chord 6.8 in. from root to r/R = 0.6545

linear taper to 6.1 in. at r/R = 1.0

Airfoil type NACA 4415*
RPM 170
Tip speed 117 fps
Number of blades 3

Root cut-out 0.84 ft
Twist 5° from root linear to 1° at blade tip
Precone 0°

*Used as representative airfoil section.

The profile of the blade cross sections were measured at six

stations along the blade. The weight of the blade was measured. By

knowing the weight and the profile of each cross section, properties
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Figure 3.2 Lift and drag coefficient for the NACA 4415 airfoil

section (Ref. 9).
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of the blade were calculated. The expressions for the moment of

inertia and mass distribution per unit length of the blade were

written as a function of the distance along the blade. These

expressions are given in tables 3.5 and 3.6.

Table 3.5 The moment inertia of the blade cross section of the
Enertech 1500.

r/R J2 (in 4) J3 (in 4)

1 - 0.6545 5.673 exp (-3.313 r/R) 67.3636 exp (-2.0236 r/R)

0.6545 - 0.3648 2.111 exp (-1.802 r/R) 29.44 exp (-0.76 r/R)

0.3648 - 0.2440 2.111 exp (-1.802 r/R) 11.3726 (r/R)-0.6585

0.2440 - 0.1393 4.5679 exp (-4.8604 r/R) 11.3726 (r/R)-0.6585

0.1393 - 0.1280 2.3210 41.924

Here J.'s are the moment of inertias of the blade cross section

at the mass center in xi direction and J1 = J2 + J3.

Table 3.6 Mass distribution of the blade of the Enertech 1500.

r/R p (slug/ft)

1 - 0.6545 0.090898 exp (-1.3266 r/R)

0.6545 - 0.3648 0.05847 exp (-0.6447 r/R)

0.3648 - 0.1393 0.081772 (r/R)4'3695

0.1393 - 0.1280 0.06593

Since the blade is made of wood (orthotropic material), its

material properties depend on the orientation of wood grain. It is

difficult to find the mechanical properties of a nonuniform

orthotropic beam by experiment. Thus, it was decided to treat the



15

blade as an isotropic material and use the values obtained from the

U.S. Forest Products Laboratory on Sitka Spruce with 10 percent

moisture content. The values are

EL = 1.84 x 106 psi, GLR 1.089 X 105 Psi, \IR = 0.25

For simplicity, the elastic axis was assumed to be a straight

line which is parallel to the trailing edge of the blade. The

location of the elastic axis on the blade cross section was chosen

arbitrarily. The location of the axis then is varied to see the

effect on the system.

The nacelle of the Enertech 1500 has a cylindrical shape with a

hemisphere on each end. The properties and geometry of the nacelle

are given in Table 3.7.

Table 3.7 Nacelle properties of the Enertech 1500.

Distance of the nacelle yaw axis to the blade hub 2.46 ft

Length of the nacelle 5.896 ft

Radius of the nacelle cross section 0.84 ft

Mass moment inertia of the nacelle around
the yaw axis 14.41 slug-ft2

The generator for the Enertech 1500 is a single-phase induction

motor connected to a gearbox having a measured 11.28 to 1 ratio.
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Figure 3.3 The Grumman ,WS33 and the Enertech 1500.
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4. RESULTS AND DISCUSSION

The Enertech 1500 and the Grumman WS33 were used as the test

cases. Two computer codes, AERO code and PROP code, were used to

generate the numerical values of the analytical results. The AERO

code uses a simplified lift and drag curve to calculate the axial

induction factor and its variation. The AERO code also generates the

coefficients of the equation of motion for a four-degree-of-freedom

system. The revised version of PROP code [21] uses the actual lift

curve to calculate the axial induction factor and its variation. The

PROP code also gives more accurate results for the static tip

deflection and the coefficients of the equations of motion in yaw.

More detail regarding these two computer codes is shown in Appendix

VI. It was found that the PROP code is preferred because of the

accuracy of the lift and drag models in the stall region.

The yaw response of wind turbines will be examined from the

numerical values of coefficients in the equations of motion generated

from the computer codes. The analytical results of the Grumman WS33

is examined first. The cause of yaw tracking error is obtained from

studying the coefficients in the yaw equation. The tower shadow

effect is included in this analysis. The verification of the analysis

is obtained from the calculated yaw stability of the Grumman WS33 in

the upwind position.

The analytical results for the Enertech 1500 are presented and

discussed in brief.
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Analytical Results for the Grumman WS33

With the numerical values of the coefficients in the equations of

motion, the static pitch angle and the static flapwise deflection are

first examined. Then, the sources of yaw forcing function, which are

wind shear, gravity, blade cyclic force, blade flap, and tower shadow,

are investigated.

Static Pitch Angle

The equilibrium pitch angle can be obtained from the pitch

stiffness coefficient and the pitch forcing function. The equilibrium

pitch angles that differed from the assumed zero value for different

tip speed ratios are given in Table 4.1. These angles are so small

that they have negligible effect on the system.

Table 4.1 Static tip pitch angles at = 4°.

X est (degree)

2 0.0279
3 0.0176
4 0.0136
5 0.0102

6 0.0073
7 0.0051
8 0.0034

Static Flapwise Deflection

The flapwise deflection (coning due to blade load) is examined.

The static tip deflections for the Grumman machine from the AERO code

and PROP code are given in Table 4.2.
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Table 4.2 Static tip deflections at 13= 4°.

X

AERO PROP
ds (ft) ds (ft)

2 0.02457 0.02543
3 0.00645 0.00807
4 -0.00161 0.00206
5 -0.01009 -0.01039
6 -0.01718 -0.01724
7 -0.02238 -0.02265
8 -0.02617 -0.02673

The difference between the values obtained from the AERO and PROP

codes is small except at the tip speed ratio 3 and 4. Those are the

conditions under which most of the blade is operating in the stall

region, and the AERO code does not have an accurate model in the stall

region.

The results in Table 4.2 show that the blades exhibit a negative

coning effect under low wind. The blade tips are deflected upwind

because the centrifugal deflection overcomes the aerodynamic

deflection.

Coefficients of the Equation of Motion in Yaw

For a uniform wind condition, there is no coupling between the

yaw angle and the other three variables explicitly on the equations of

motion.

For the nacelle, the equation of motion is in the form of

undamped second order system in yaw. The stiffness coefficient of the

nacelle is not dependent on the tip speed ratio. The development of

the nacelle is given in Appendix III.
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Because of the linearity of the system, the nacelle's equation of

motion can be added directly to the rotor equation of motion in yaw.

The nacelle destablized the system in yaw. The coefficients for the

equation of motion in yaw from both computer codes are given in tables

4.3, 4.4, 4.5, and 4.6.

Table 4.3 Coefficients of the equation of motion in yaw from
AERO code.

X m44 C44 k44 m44n* k44n

2 0.0991 0.0415 0.01172 0.02531 -0.0028564
3 0.2224 0.0680 0.00245 0.05694 -0.0028564
4 0.3947 0.1850 0.01957 0.10123 -0.0028564
5 0.6159 0.3397 0.03685 0.15817 -0.0028564
6 0.8858 0.4522 0.04331 0.22776 -0.0028564
7 1.2046 0.5557 0.04654 0.31001 -0.0028564
8 1.5724 0.6646 0.04886 0.40492 -0.0028564

*n refers to the nacelle

Table 4.4 Coefficients of the equation of motion in yaw for the
combined rotor and nacelle system from AERO code.

X m44T C44T k44T

2 0.12441 0.0415 0.008864
3 0.27934 0.0680 -0.000406
4 0.49593 0.1850 0.016713

5 0.77407 0.3397 0.033994
6 1.11356 0.4522 0.040475
7 1.51461 0.5557 0.043684

8 1.97732 0.6646 0.046004
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Table 4.5 Coefficients of the equation of motion in yaw from
PROP code.

X m44 C44 k44 m44n k44n

2 0.0952 0.0432 0.01548 0.02531 -0.0028564
3 0.2136 0.0728 0.00509 0.05694 -0.0028564
4 0.3791 0.1674 0.01943 0.10123 -0.0028564
5 0.5916 0.2961 0.03230 0.15817 -0.0028564
6 0.8509 0.4197 0.03929 0.22776 -0.0028564
7 1.1573 0.5258 0.04308 0.31001 -0.0028564
8 1.5106 0.6292 0.04554 0.40492 -0.0028564

Table 4.6 Coefficients of the equation of motion in yaw for the
combined rotor and nacelle system from PROP code.

X m44T C44 T k44 T

2 0.12051 0.0432 0.012624
3 0.27054 0.0728 0.002234
4 0.48033 0.1674 0.016574
5 0.74977 0.2961 0.029444
6 1.07866 0.4197 0.036434
7 1.46731 0.5258 0.040224
8 1.91552 0.6292 0.042684

There is some doubt in the accuracy of the stiffness coefficient

for the Grumman WS33's nacelle. The analytical model of the nacelle

in this analysis is based on slender body theory. Unfortunately, the

shape of the Grumman WS33's nacelle and most other wind turbines'

nacelles are not slender. There are some correction factors suggested

to use with the slender body theory by reference 2 and 8 for a

noncircular body and a finenesi ratio effect. However, the

experimental results for a fineness ratio effect on the aerodynamic

characteristics of bodies of revolution in reference 6 does not agree

with the correction factors given in references 2 and 8. There is no
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accurate model for the noncircular body with blunt nose. More work is

needed in order to obtain an accurate model.

The values in tables 4.3 and 4.5 are given without the correction

factors. These correction factors, given in Appendix III, are always

less than one. Therefore, the values in tables 4.3 and 4.5 are the

most destablizing condition for the nacelle effect based on the

slender body theory. According to the PROP code, the system is stable

for all of the tip speeds considered. However, a negative stiffness

coefficient is encountered for the AERO code's result at the tip speed

ratio equal to 3.

. The expression for the stiffness coefficient consists of the

derivative of the aerodynamic force and its moment arm. The

derivative of the aerodynamic force is dependent on the slope of the

lift and drag curve versus the angle of attack. Therefore, an

accurate model of the lift and drag curve is needed to obtain an

accurate result. Thus, the PROP code is preferred to the AERO code,

which uses the simplified lift and drag curve in the stall region.

Yaw Forcing Function

Possible candidates for a yaw forcing function are wind shear,

blade pitch, blade flap, and tower shadow. The in-plane yaw force on

the rotor is related nonlinearly to the wind speed; therefore, the

difference in the axial velocity on the rotor due to wind shear would

result in a yaw moment created by the net in-plane yaw force.

However, there was no wind shear in the test data obtained from the

Rocky Flat Research Energy Center for the Enertech 1500 or the Grumman

WS33.
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Gravity and blade cyclic pitch.

The gravitational force is added to the system equations of

motion by means of a potential function. The analysis shows that

there is no effect of gravity appearing in the yaw equation.

Therefore, the gravity is not a source for the yaw forcing function.

The gravity effect also appears as a cyclic moment in the pitch

equation for a single-bladed rotor. However, this moment cancels out

for an axisymmetric three-bladed rotor.

The effect of the blade cyclic force on the cyclic pitch angle is

also examined by considering the gravitational force on a single

blade. The cyclic moment due to gravity appears in the stiffness

coefficient and forcing function in pitch. These cyclic moment terms

are given in the following forms:

(Cg cos4)+ Dg sinflqi = (Eg cos* + Fg sinip)

The coefficients Cg, Dg, Eg, and Fg are given in Table 4.7. The

stiffness coefficient and forcing function also are given in

Table 4.7.

Table 4.7 Coefficients for harmonic terms (Cg, Dg, Eg, Fg),
stiffness coefficient, and forcing function of a
single-blade equation of motion in pitch.

X k
11 GO1 Cgx103 Dgx102 Egx103 Fgx104

2 80.998 .03957 -.2367 .6308 -.1647 -.6246
3 182.286 .05604 -.5326 1.4193 -.3362 -1.4053
4 323.631 .07679 -.9468 2.5232 -.5705 -2.4984
5 504.815 .08998 -1.4794 3.9425 -.8468 -3.9037
6 726.471 .09291 -2.1303 5.6771 -1.1657 -5.6213

7 988.547 .08795 -2.8996 7.7272 -1.5330 -7.6512

8 1291.04 .07691 -3.7872 10.0927 -1.9513 -9.9933
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For the static condition, the cyclic pitch angle is given as the

following form:

ql =
G01/3 + (Eg cost + Eg sinq))

s k11/3 (Cg cost + Dg sin1P)

It can be seen from the magnitude of the coefficients given in

Table 4.7 that the blade cyclic force has a negligible effect on the

static pitch angle.

Blade flap.

The flapwise displacement appears implicitly and explicitly in

most of the coefficient terms. The flapwise deflection definitely

affects the yaw behavior, but it is not a source of the yaw forcing

function. The effect of blade flap will be discussed in a later

section.

Tower shadow.

The tower shadow is modeled as a velocity deficit from the axial

velocity over a sector of the rotor disk, centered about the tower

centerline. The development for the equations of motion with the

tower shadow is given in Appendix III.

Because of the difference of the axial velocity on the rotor

inside and outside of the tower shadow region (i.e., when the blade is

in the 6 o'clock position and the 12 o'clock position), there will be

different values of aerodynamic forces. The difference of the

in-plane force (force that is tangential to the rotor plane) in the
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tower shadow produces a net yaw moment around yaw axis, creating a

static yaw angle. This yaw moment turns out to be the yaw forcing

function that is needed.

Consider the yaw moment inside the tower shadow. The expression

of this yaw moment can be simplified as follows:

My =f f Ft + sin p)t: f

R

Nofi dr 4.
H 14_,o Ar4 B 2 sin 2'

RH R R R RH R R RH R R 27 2

(1)

Here Ft is the in-plane force, t is the distance from the rotor to the

yaw axis, p is the coning angle, No and Ho are the forces normal and

tangent to the blade chord, el is the distance from the shear center

to the blade 1/4 chord, and wo is the static flapwise deflection. The

full expression of this yaw moment is given in Appendix IV.

The first term in the equation (1) primarily depends on the

in-plane force. This in-plane force is directly related to the power

output. Therefore, the power output response would be similar to the

in-plane force.

The third term is the yaw moment due to the tangential force and

flapwise deflection acting in the same direction as the moment in the

first term.

The second term is the yaw moment due to the normal force and the

offset distance of the shear center (e1). This yaw moment acts in the

opposite direction of the other two terms in the equation (1).
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Figure 4.1 Variations of yaw moment per shadow width for selected
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The yaw forcing function due to tower shadow is obtained by

subtracting the yaw moment created inside the tower shadow from the

one created outside the tower shadow (i.e., 6 o'clock position and 12

o'clock position).

The yaw moment created by forces inside the tower shadow is shown

in Figure 4.1. The effect of the shear center position on the yaw

moment is that if the shear center is behind the 1/4 blade chord

position, the yaw moment is decreased by the effect of this positive

offset distance. Vice versa, the yaw moment will be increased if the

shear center is ahead of the 1/4 blade chord.

For the purpose of illustration, the yaw moment normalized by

RPM is considered. The yaw forcing function is given by

G04 = CMql CMq2

Here, Cmci = -M
1 Y11)(12

Cmq2 = +My2422

(2)

Subscript 1 refers to the condition at the rotor outside the tower

shadow in the opposite direction of the tower shadow region.

Subscript 2 refers to the condition inside the tower shadow.

The plot of CMq versus the advance ratio (V./RQ) for different

shear center positions are shown in Figure 4.2.

The yaw forcing is dependent upon: 1) the width of the tower

shadow; 2) the velocity deficit in the tower shadow; 3) the shear

center position; and 4) the power output of the rotor.
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For zero offset distance, if the power increases continuously

with wind speed, the in-plane force also is expected to increase

continuously with wind speed. For such a situation the net yaw force

produced by the tower shadow would always have the same sign since the

wind speed in the tower shadow is less than in the free stream, then

the in-place force in the tower shadow would be less than the in-plane

force in the free stream. If the power peaked and then decreased with

the wind speed, then the yaw force would change sign as the velocity

increased. This effect has been observed on the Enertech 1500 and the

Grumman WS33. As the peak power is achieved, the rotor yaw changes

sign.

The yaw forcing function due to tower shadow with 40° shadow

width, 50% velocity deficit, and 80% velocity deficit is shown in

Figure 4.3.

Yaw Tracking Error

A yaw tracking error is defined as an angle which the rotor yaws

away from the wind in a static condition. The static yaw angle of a

downwind turbine is obtained by dividing the yaw forcing function with

the stiffness coefficient of the rotor and nacelle. The yaw angles

for the Grumman WS33 with a 40° shadow width and a 50% velocity

deficit are given in Table 4.8. The predicted static yaw angle must

be small according to the linear analysis. Therefore, any large

predicted static yaw angle would indicate that the result is not

accurate. This is shown in Table 4.8 at tip speed ratio equal to 3

and 4.
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Table 4.8 Yaw tracking error for the Grumman WS33 with 13 = 4°,

el/C = 0.25, 40 ° shadow width, and 50% velocity
deficit.

i ( degree )

1 1.72
2 5.13
3 -21.76
4 -9.57
5 -6.47
6 -4.79

7 -3.42
8 -2.23

It can be seen that for this analysis the yaw angles depend on many

variables. These variables are tower shadow width, velocity deficit,

nacelle stiffness coefficient, the position of the shear center, and

the power output of the rotor. With many uncertainties in these

variables, especially the stiffness coefficient of the nacelle, there

is no exact solution for the yaw tracking error. Thus, the values

given in Table 4.8 are for the preliminary study of the yaw behavior

of the system rather than the prediction of the magnitude of yaw

tracking error.

Verification of the Analysis With the Test Data

The test data from the Rocky Flats Research Energy Center

indicates that the Grumman WS33 has a yaw instability near start-up.

The machine will rotate about the yaw axis from a downwind position to

an upwind position. Although the analysis indicated that the Grumman

WS33 in a downwind position is stable in yaw, it is possible that with

a more accurate model of the nacelle, the system could be unstable in

yaw near start-up. Thus, the focus of the analysis is directed to the
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yaw stability of a reverse turbine (a downwind turbine rotating to an

upwind position). If the analytical result indicates that there is a

region of stability for the reverse turbine, this result would verify

the analysis.

Reverse turbine.

When a downwind turbine is rotating to the upwind position, the

upper surface of the blade cross section will be facing the wind

instead of the lower surface of the blade cross section. This

reflection of the blade cross section will result in a negative angle

of attack and pitch angle. The geometry of a reverse turbine blade

and a conventional one are shown in Figure 4.4.

The shape of the hub (nose cone) of the Grumman WS33 is a

hemisphere of 4.875 in. radius. The hub is considered as the forebody

part of the nacelle for the turbine in an upwind condition.

The coefficients of the equation of motion in yaw for the reverse

turbine including the hub effect are given in Table 4.9.

Table 4.9 Coefficients of the equation of motion in yaw for the
reverse turbine, static tip deflection, and power
coefficient.

X m44T C44 k44T
ds (ft) Cp

2 0.11853 0.04297 -0.007142 0.1092 -0.02089
3 0.26739 0.06995 -0.007207 0.08747 -0.04108
4 0.47577 0.10257 -0.000208 0.08034 -0.00645

5 0.74379 0.15582 0.002958 0.07593 0.08966
6 1.07157 0.24023 -0.008378 0.07193 0.1734

7 1.45922 0.33522 -0.019993 0.06809 0.18492
8 1.90672 0.44306 -0.025429 0.06458 0.12155



(a) conventional position (b) reverse position

Figure 4.4 Velocity diagrams for a turbine blade section in a conventional position and in
a reverse position.
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As shown in Table 4.9, the system is unstable in yaw because of

the negative yaw stiffness coefficient, except at the tip speed ratio

equal to 5. This result indicates that for a certain, operating

condition if the Grumman WS33 rotates to an upwind position, it could

operate as a stable upwind turbine. This yaw stability verifies the

analysis.

The static flapwise tip deflections for the reverse turbine also

are given in Table 4.9. When a downwind turbine with a coning angle

(coning away from the wind) rotates to an upwind position, the blade

will be coning to the wind. This negative coning yields a positive

flapwise deflection (deflect in the wind direction) because the

bending moments created by the aerodynamic force and the centrifugal

force are in the same direction.

Yaw Stiffness Coefficient

The numerical value of the yaw stiffness coefficient for a small

blade element is obtained and its distribution along the blade is

examined to see what causes the destablizing effect. The yaw

stiffness coefficient is the linearized variation of the yaw moment

from its nominal value with respect to the yaw angle. This linearized

variation of the yaw moment can be expressed as the product of the

derivative of the aerodynamic force and its moment arm around the

nacelle's yaw axis. Therefore, the stiffness coefficient is primarily

dependent on the derivative of the aerodynamic force instead of the

force itself.

The behavior of the aerodynamic force in the coordinates of the

airfoil, normal and tangential to the blade chord, is observed. Let

Cn and Ct be the force coefficients expressed in the normal and the
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tangential directions to the blade chord. Figures 4.5 and 4.6 show

the plots of Cn and Ct versus the angle of attack a for the Grumman

blade section in a conventional position (downwind turbine) and in a

reverse position (reverse turbine). Note should be made that for the

reverse turbine, although the blade is operating with a negative angle

of attack, the sign convention of the analysis makes the aerodynamic

forces on the blade result in a positive value.

Figures 4.7 and 4.8 show the distribution of the yaw stiffness

coefficient along the blade at different tip speed ratios for the

Grumman turbine in a downwind position. The destablizing effect (a

negative value) of the yaw stiffness coefficient appears in figures

4.7 and 4.8 as a reverse hump curve starting at the blade tip at the

tip speed ratio equal to 2 and moving in board as the tip speed ratio

is increased. The further the reverse hump curve moves in board, the

smaller the magnitude of the hump curve becomes. This hump curve

starts at the portion of the blade which is experiencing a 14° angle

of attack and stops at the portion of the blade which is experiencing

an angle of attack greater than 21°. These two angles are the angles

which the slope of the tangential force for a Grumman rotor blade

changes sign.

For the Grumman turbine with a reverse position (staying upwind),

the distribution of the yaw stiffness coefficient is shown in figures

4.9 and 4.10. It can be seen that the shape of the distribution of

the yaw stiffness for a reverse turbine has the overall shape similar

to the shape of the distribution of the yaw stiffness coefficient for

a downwind turbine except it is upside down. The destabilizing effect

becomes the stabilizing effect. Now the hump curves in figures 4.9
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Figure 4.6 Force coefficients for the reverse NACA 644-421 airfoil
section in the airfoil's coordinates.
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and 4.10 represent the stabilizing effect and this curve also is

governed by the slope of the tangential force in Figure 4.6.

It would be difficult to analyze the yaw stiffness coefficient

explicitly from its lengthy expression (see expression of k44 in

Appendix IV). The purpose of this section is to analyze the yaw

stiffness coefficient in more detail. To accomplish this task, a

simple model of the rotor geometry is chosen and studied. The

expression of the yaw stiffness coefficient can be expressed into

three terms according to the sine of the coning angle: 1) terms with

zero order of the sine of the coning angle; 2) terms with first order

of the sine of the coning angle; and 3) terms with second order of the

sine of the coning angle. They are

k44 k440 k441 sin p k442 sin2p (3)

The expression of k440,, k441, and k442 are given in Appendix V.

The expression of the stiffness coefficient is then simplified by

assuming 1) the coning angle is zero; 2) the variation of the axial

induction factor with yaw and yaw rate is zero; and 3) the shear

center is at the 1/4 blade chord position (i.e., el = 0). From this

simple model, the stiffness coefficient can be expressed into two

components: the component of the linear equation of the yaw moment

due to an in-plane force (force in the rotor plane) and the one due to

an out-of-plane force (force normal to the rotor plane). These two

terms can be expressed as



k 3 G k f 2 dr+ 3 F rf 2 dr
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(4)

where GT is the derivative of the in-plane force and FA is the

derivative of the out-of-plane force. The expressions for the GT and

FA are given in Appendix V.

From equation (4), it can be seen that the stiffness coefficient

is dependent on the derivative of the in-plane and the derivative of

the out-of-plane force with respect to the angle of attack.

Furthermore, the sign of the distance from the yaw axis to the rotor,

A,, is a factor which controls the in-plane force term to be either the
R

stablizing term or destabilizing term.

Figures 4.11 and 4.12 show the plots of the in-plane and the

out-of-plane force coefficient versus the angle of attack for the

Grumman turbine blade in a downwind position and in an upwind

position.

The distribution of the first term and second term in equation

(4) along the blade is superimposed on each other for a reverse

turbine in Figure 4.13.

The effect of the flapwise deflection on the stiffness

coefficient is investigated from Figure 4.13. Since this expression

of the derivative of the out-of-plane force FA consists of the sine of

the local slope of flapwise deflection, the flapwise deflection is

therefore essential for the out-of-plane force contribution to the

stiffness coefficient. According to Figure 4.13, it can be seen that
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Figure 4.11 Force coefficients for the Grumman WS33's blade section
in the rotor's coordinates versus angle of attack.
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Figure 4.12 Force coefficients for the Grumman WS33's blade section,
in a reverse position, in the rotor's coordinates versus
angle of attack.
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though the magnitude of the flapwise deflection is small, the

magnitude of the out-of-plane force term is almost the same order of

the in-plane force term. Thus, the effect of the flapwise deflection

on the stiffness coefficient is that it adds the contribution of the

out-of-plane force to the stiffness coefficient.

The effect of the coning angle on the yaw stability can be

investigated from the expression of the stiffness coefficient in

equation (3). For small coning angle, the numerical value of the

third term (term involved with square of sine of the coning angle) in

equation (3) is negligible and k441 turns out to be a positive

definite number. Therefore, the sign of the coning angle is the

indication whether k441 sin p will act as a stabilizing term or a

destabilizing term.

In conclusion, the yaw stability of the system can be improved by

adding a positive coning angle to the system. The numerical values of

the yaw stiffness coefficient for different values of tip speed ratio

are given in the sensitivity study section.

Sensitivity Study

The yaw stability of the wind turbine system in this analysis is

primarily determined by the sign and magnitude of the yaw stiffness

coefficient of the rotor and the nacelle. Thus, the sensitivity of

the yaw stiffness coefficient to the selected input parameters is

studied.

In the previous sections, the coefficients for the equation of

motion are given by
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k = stiffness coefficient

1/2 POD Voo2R3

However, the turbine is operating at a constant rotor speed in

the test condition. Therefore, for the purpose of comparison, the

coefficents normalized by RPM and the advance ratio are used.

The coefficient based on RPM is related to the coefficient

normalized by the dynamic pressure by

K = stiffness coefficient = knn
nn

1/2 pop N2R3 X2

The advance ratio is seen to be the reciprocal of the tip speed
ratio.

J
=1

R X

Because of the linearized system, the stiffness coefficient of the

rotor and the nacelle can be separately studied.

Rotor stiffness coefficient.

The sensitivity of the rotor stiffness coefficient in yaw

normalized by RPM to the selected input parameters for the Grumman

WS33 is examined.

Torsional stiffness. The effect of the blade's torsional

stiffness (blade's shear modulus G) on the yaw stiffness coefficient

is examined. The only effect of the blade's torsional stiffness

appears in the pitch equation (of the four-degree-of-freedom system).
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Unless the static pitch deflection is significantly different from the

zero value, there will not be any effect on the yaw equation.

Pitch angle. Figure 4.14 shows the plots of the yaw stiffness

coefficient versus the advance ratio for different values of pitch

angle. First, let us consider the curve of the yaw stiffness

coefficient for pitch angle equal to 4 as the typical case. The

stiffness coefficient increases as the wind velocity is increasing to

a certain value. Then the stiffness coefficient starts to decrease

when the wind velocity is further increased because the destabilizing

effect due to the negative slope of in-place force is starting to

dominate (i.e., the blade is experiencing the angle of attack from 14°

to 20° near the tip). When the wind velocity is further increased,

the stiffness coefficient then starts to increase again because the

stabilizing effect due to the stall region (a positive slope of

in-plane force versus angle of attack) dominates the destablizing

effect. Finally, when the whole blade is stalled, the stiffness

coefficient is controlled by the stabilizing term due to a positive

slope of the forces (in-plane force and out-of-plane force) versus

angle of attack. This results in a large magnitude of the stiffness

coefficient in high wind.

With the understanding of the nature of the stiffness coefficient

related to the wind velocity, the effect of the pitch angle on the

stiffness coefficient is investigated. Increasing pitch angle lowers

the angle of attack. Thus, increasing the pitch angle delays the

destabilizing effect in the stiffness coefficient at the same wind

condition. For (3 = 6° and 10°, the stiffness coefficient is increased
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Figure 4.14 Effect of pitch angle on yaw stiffness coefficient

for the Grumman WS33.
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at a low wind condition and decreased at a high wind condition. For

the negative pitch angle, the opposite is true. That is, the curve is

shifted to the left-hand side. The stiffness coefficient is decreased

at the advance ratio 0.175 to 0.25 and then increased again. The

blade experiences the destabilizing effect at lower wind than the one

with a positive pitch angle.

Modulus of elasticity and flapwise deflection. The flapwise

deflection depends on the blade stiffness (modulus of elasticity E),

the centrifugal force, and the aerodynamic load. The static tip

flapwise deflections for the Grumman machine with E = 10x106 psi and

E = 20x106 psi are given in Figure 4.15. The stiffer blade has a

smaller deflection.

According to Figure 4.16, the stiffer blade causes the stiffness

coefficient in yaw to increase except at the advance ratio equal to

0.5. However, under the values of blade stiffness considered, the

increasing of this stiffness coefficient in yaw is negligibly small.

Although the stiffness coefficient in yaw is less sensitive to

the changes of flapwise deflection, the flapwise deflection itself is

an essential part of the stiffness coefficient for the contribution of

the out-of-plane force.

Speed. The effect of a change in rotor speed on the yaw

stiffness coefficient is considered. Figure 4.17 shows the curves of

the yaw stiffness coefficient for rotor speeds of 60, 74, and 90 rpm.

Increasing the rotor speed slightly increases the nondimensional yaw

stiffness coefficient at a high wind condition but slightly decreases

the nondimensional yaw stiffness coefficient at a low wind condition.
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Figure 4.15 Effect of modulus of elasticity on static flapwise tip
deflection for the Grumman WS33.
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Figure 4.16 Effect of modulus of elasticity on yaw stiffness
coefficient for the Grumman WS33.
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Figure 4.17 Effect of rotor speed on yaw stiffness coefficient
for the Grumman WS33.
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Note should be made that the different curves of the nondimension-

alized yaw stiffness coefficient are based on the different rotor

speeds. In order to compare the net difference in the yaw stiffness

coefficient due to change in rotor speed, the nondimensional yaw

stiffness coefficients in Figure 4.17 are corrected so that they are

based on the same rotor speed, 74 rpm. These conditions are shown in

Figure 4.18. The relative values of these yaw stiffness coefficients

are large.

Shear center position. The stiffness coefficient in yaw with

shear center positions at 10%, 25%, 50%, and 75% of the blade chord,

measured from the leading edge of the turbine blade, are shown in

Figure 4.19. The stiffness coefficient is increased by moving the

shear center closer to the trailing edge. This effect is significant

at a higher wind condition.

Distance from the rotor to the nacelle yaw axis. The distance

from the rotor to the nacelle yaw axis is varied to see its effect on

the stiffness coefficient in yaw. Figure 4.20 shows the curves of the

stiffness coefficient versus the advance ratio for RIR = 0.1, 0.176,

0.25, and 0.5. The effect of this parameter is small at a low wind

condition and rather significant at a high wind condition. For the

advance ratio less than 0.16, the stiffness coefficient is increased

when t/R is increased. For the advance ratio greater than 0.16, the

effect is reversed: increasing 9/R decreases the stiffness

coefficient.

Coning angle. From the previous section, it was found that the

coning angle is one of the important parameters in determining the
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Figure 4.18 Effect of rotor speed on yaw stiffness coefficient
based on the same RPM for the Grumman WS33.
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Figure 4.19 Effect of the location of the blade cross section's
shear center on yaw stiffness coefficient for the
Grumman WS33.
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Figure 4.20 Effect of the location of the yaw axis relative to
the rotor plane on yaw stiffness coefficient for
the Grumman WS33.
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yaw behavior. The positive coning angle adds the stablizing effect to

the stiffness coefficient in yaw. The vice versa is true: the

negative coning angle causes the destabilizing effect to the system.

This coning angle effect is illustrated in Figure 4.21.

Figure 4.21 shows the system is unstable for a negative coning

angle (p = -3.5"), partially stable for a zero coning angle, and

stable for a positive coning angle (P = 3.5°, 10').

Stiffness coefficient of the nacelle.

The nacelle plays an important role in the yaw stability of the

system because of its largest negative value in the stiffness

coefficient. So, reducing the negative value of its stiffness

coefficient would mean improving the yaw stability.

The effect of the distance from the rotor to the nacelle yaw axis

on the stiffness coefficient of the nacelle is examined.

The stiffness coefficients of the nacelle with different values

of the distance from the rotor to the nacelle yaw axis are given in

Figure 4.22. Increasing 9/R decreases the yaw stiffness coefficient

of the nacelle. So, the yaw stability can be improved by increasing

the distance from the rotor to nacelle yaw axis. However, for a given

nacelle, the distance from the yaw axis to the rotor is limited by the

space necessary to install the generator unit. In addition, the

effect of the 2/R on the nacelle will be dominated by the rotor for

the combined system (rotor and nacelle), especially for a high wind

condition (low tip speed ratio). These effects are shown in

Figure 4.23 for the stiffness coefficient for the rotor and nacelle.
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Figure 4.21 Effect of coning angle on yaw stiffness coefficient
for the Grumman WS33.
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Figure 4.23 Effect of the location of the yaw axis relative to
the rotor plane on yaw stiffness coefficient of the
nacelle and rotor for the Grumman WS33.
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Analytical Results for the Enertech 1500

The Enertech 1500 was used as a test case in this section. The

Enertech 1500 and the Grumman WS33 are basically the same, according

to the type of wind turbine: both of them are three-bladed horizontal

axis downwind wind turbines. The differences between these two

turbines are the geometry and physical properties of the rotor and the

nacelle. Therefore, the general trend of the Enertech 1500's yaw

behavior would be similar to the Grumman WS33's. The discussion of

the yaw behavior of the Enertech 1500 would be qualitatively the same

as the previous section (i.e., the discussion of the Grumman WS33).

Thus, the purpose of this section is to show the analytical results of

another wind turbine rather than to discuss or verify the results in

detail.

The tower shadow is also the source of the yaw forcing function

for the Enertech 1500. The static pitch angle, static flapwise

deflection, and coefficients in the equation of motion in yaw are

given in tables 4.10, 4.11, 4.12, 4.13, 4.14, and 4.15.

Table 4.10 Static pitch angle under normal operating condition.

X 0 st (degree)

2 0.0430
3 0.0323
4 0.0312
5 0.0305
6 0.0218
7 0.0177
8 0.0147
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Table 4.11 Static flapwise tip deflection under normal operating
condition from both computer codes.

X

AERO PROP
ds (ft) ds (ft)

2 0.01644 0.01807
3 0.01279 0.01597
4 0.01269 0.01366
5 0.01057 0.01108
6 0.00839 0.00893
7 0.00676 0.00727
8 0.00558 0.00603

Table 4.12 Coefficients of the equation of motion in yaw from
AERO code.

X m44 C44 k44n m44n* k44n

2 0.01605 0.01486 -0.00226 0.01315 -0.03647
3 0.03605 0.02666 -0.01716 0.02958 -0.03647
4 0.06409 0.06306 -0.00909 0.05259 -0.03647
5 0.10007 0.11496 0.00803 0.08217 -0.03647
6 0.14398 0.13952 0.01457 0.11833 -0.03647
7 0.19585 0.17117 0.01554 0.16106 -0.03647
8 0.25569 0.20538 0.01592 0.21036 -0.03647

*n refers to the nacelle

Table 4.13 Coefficients of the equation of motion in yaw for the
combined rotor and nacelle system from AERO code.

X m44T C44T k44T

2 0.02920 0.01486 -0.03874
3 0.06563 0.02666 -0.05364
4 0.11668 0.06306 -0.04557
5 0.18224 0.11496 -0.02845
6 0.26231 0.13952 -0.02191
7 0.35691 0.17117 -0.02094
8 0.46605 0.20538 -0.02056
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Table 4.14 Coefficients of the equation of motion in yaw from
PROP code.

X m44 C44 k44n m44n k44n

2 0.01517 0.01376 0.00016 0.01315 -0.03647
3 0.03411 0.01380 -0.03102 0.02958 -0.03647
4 0.06059 0.06278 -0.01082 0.05259 -0.03647
5 0.09461 0.10991 0.00589 0.08217 -0.03647
6 0.13614 0.14596 0.01138 0.11833 -0.03647
7 0.18519 0.17419 0.01335 0.16106 -0.03647
8 0.24179 0.20753 0.01521 0.21036 -0.03647

Table 4.15 Coefficients of the equation of motion in yaw for the
combined rotor and nacelle system from PROP code.

X m44T C44T k44T

2 0.02832 0.01376 -0.03631
3 0.06369 0.01380 -0.06750
4 0.11318 0.06278 -0.04729
5 0.17678 0.10991 -0.03059
6 0.25447 0.14596 -0.02510
7 0.34625 0.17419 -0.02312
8 0.45215 0.20753 -0.02127

It can be seen from Table 4.10 that the magnitudes of the static pitch

angle are so small that they have negligible effect on the system. As

shown in Table 4.11, the blade exhibits a positive flapwise deflection

for all the tip speed ratios considered. The difference in the static

tip deflections between the ones obtained from the AERO code and the

PROP code is significant at the tip speed ratio equal to 3 and 4. The

cause of this difference is primarily due to the simplified lift and

drag curve in the AERO.

The coefficients in tables 4.13 and 4.15 show that the system is

unstable in yaw due to the negative stiffness coefficient. The
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primary causes of this yaw instability are proved to be the nacelle

and lack of blade coning.

The yaw forcing function due to tower shadow with 20° shadow

width and velocity deficit equal to 50% is given in Table 4.16.

Table 4.16 Yaw forcing function with 20° shadow width and
velocity deficit = 50%.

G04

2 0.00106
3 -0.00025
4 -0.00330
5 -0.00455
6 -0.00449
7 -0.00391
8 -0.00321

One of the reasons that the Enertech 1500 was chosen as a test

case is the availability of the data for yaw tracking error to verify

the analysis. These test results were obtained from the Rocky Flats

Wind Energy Research Center. The test procedure is explained in

reference 23. This yaw tracking error is shown in Figure 4.24.

Since the analysis used the linear approximation method, the

analytical results are valid only in a small region around zero yaw

angle. Therefore, the analytical results for the Enertech 1500 should

represent the linear part around the tip speed ratio equal to 3 and 4

or the linear part around the tip speed ratio equal to 9. A sign

change of yaw angle in the analytical results would confirm the

analysis.
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Figure 4.24 Yaw tracking errors versus tip speed ratio for
the Enertech 1500.
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Unfortunately, according to the analysis the system is unstable

in yaw. This contradicts the test data that the system is stable and

operating with the, static yaw angle.

The explanation for this contradiction may be the use of

single-section data (e.g., 3/4 radius) to represent the aerodynamics

for the entire variable thickness blade. The analysis used airfoil

NACA 4415 to represent the variable thickness blade of the Enertech

1500 for calculating the aerodynamic forces and moments.

One positive thing about the analytical results of the Enertech

1500 is the nacelle. The Enertech 1500's nacelle has a cylindrical

shape with a hemisphere on each end. And the forces and moments

calculated from the nacelle in this analysis are based on the slender

body theory. Thus, with the Enertech 1500's nacelle shape, the model

agrees well with the theory. The predicted forces and moments on a

cylindrical body with a hemisphere at the end, which yaws at a small

angle to the wind, agrees quite well to the experimental result. This

can be seen by comparing the theoretical result to the experimental

result in reference 14.

Finally, the yaw stiffness coefficient normalized by RPM for the

Enertech 1500 with different wind condition is shown in Figure 4.25.



69

.006

K44

.004

.002

0

.002

.004

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voo
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5. CONCLUSION

The yaw behavior of horizontal-axis wind turbines was examined in

this dissertation. The study of the yaw behavior undertook to find

the cause of poor yaw tracking, investigate the parameters that

control yaw behavior, and perform the sensitivity study of those

parameters.

The yaw behavior of wind turbines was analyzed by studying the

linearized equations of motion around the zero yaw angle. Two

computer codes, AERO and PROP, were developed to handle the numerical

values of coefficients of the equations of motion. The PROP code was

perferred because of its accuracy in the stall region.

Results were obtained for the Grumman WS33 and the Enertech 1500:

three-bladed horizontal-axis wind turbines with free yawed system.

Between these two test cases,the Grumman WS33 was preferred to the

Enertech 1500 because of the geometry and material properities of its

blade. The Grumman WS33's blade is made of aluminum (isotopic

material) and has a uniform cross section. The Enertech 1500's blade

is made of wood (orthotropic material) and has a variable thickness

and chord.

The study showed that the yaw tracking error of a downwind wind

turbine without wind shear was primarily caused by tower shadow. The

effect of the tower shadow appears as the yaw forcing function in the

yaw equation. This yaw forcing function is dependent on 1) the width

of the tower shadow, 2) the velocity deficit in the tower shadow,



71

3) the position of the blade's shear center, and 4) the power output

of the rotor.

The yaw forcing function for zero offset distance (the blade's

shear center is at 1/4 chord) will always have the same sign if the

power output of the rotor increases with the wind speed. If the power

peaked and then decreased with wind speed, then the yaw forcing

function would change sign as the velocity increased. This is exactly

the case with the Grumman WS33 and the Enertech 1500. As the peak

power is achieved, the rotor yaw changes sign.

The presence of the nacelle in a downwind wind turbine

destablizes the system in yaw in the form of a negative stiffness

coefficient. The analytical model of the nacelle was developed using

the slender body theory. However, the nacelle of the Grumman WS33 is

not a slender body; therefore, the predicted yaw behavior from its

nacelle contains some uncertainty. Thus, the predicted yaw tracking

error of the turbine system (rotor and nacelle) for the Grumman WS33

should be viewed as the qualitative behavior rather than the exact

magnitude. In order to obtain accurate predictions of yaw behavior,

an accurate nacelle model must be available.

The yaw stability of the Grumman WS33 in an upwind position was

used to verify the analysis. The analytical results indicated that

the Grumman WS33 in the upwind position is stable in yaw at tip speed

ratio equal to 5.

The sign and the magnitude of the yaw stiffness coefficient were

found to be the indicators of yaw stability for the Grumman WS33.
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Therefore, the characteristic of the yaw stiffness was studied to

gain more understanding about the yaw behavior.

The yaw stiffness coefficient is the linear variation of the yaw

moment around the zero yaw angle. This yaw moment consists of the

moment due to the in-plane force and the moment due to the

out-of-plane force. The yaw moment due to the out-of-plane forces

exists only when the static flapwise deflection exists.

Because the derivative of force was encountered in calculating

the yaw stiffness coefficient rather than the force itself, the

negative derivative of the in-plane force (negative slope of the

in-plane force versus the angle of attack) and its position on the

blade length were therefore the important factors in calculating the

yaw stiffness coefficient. If this negative derivative force appears

near the blade tip, its contribution would be large. The further the

negative derivative force moves in-board, the smaller its contribution

becomes. This contribution will act as a stabilizing or destabilizing

term depending on the sign of the distance from the rotor to the yaw

axis (i.e., downwind or upwind turbine). It will act to destabilize

for a downwind turbine and act to stabilize for an upwind turbine.

The sensitivity of the yaw stiffness coefficient to the selected

input parameters was studied. The coning angle was found to be the

most sensitive parameter. Increasing the coning angle increases the

rotor yaw stiffness coefficient. Decreasing the coning angle (i.e.,

negative coning angle) decreases the rotor yaw stiffness coefficient.

The next parameters to which yaw stiffness coefficient is

sensitive are the position of the blade's shear center and the
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distance from the rotor to the yaw axis. The effect of these

parameters on the yaw stiffness coefficient is small at low wind

conditions and is increased as the wind speed increases. Moving the

shear center closer to the blade trailing edge increases the yaw

stiffness coefficient. Increasing the distance from the rotor to the

yaw axis increases the yaw stiffness coefficient at a low wind

condition. But as the wind increases, the effect is reverse:

increasing the distance from the rotor to the yaw axis decreases the

yaw stiffness coefficient.

The effect of this distance on the nacelle is reverse to the

effect on the rotor. That is, increasing the distance from the rotor

to the yaw axis increases the stiffness coefficient to the nacelle.

However, for a given nacelle, this distance can be varied only

slightly because of the space necessary to install a generator unit.

For the Grumman WS33, the effect of this distance on the rotor yaw

stiffness coefficient is dominant over the effect of this distance on

the nacelle yaw stiffness coefficient.

Increasing blade pitch angle increases the yaw stiffness

coefficient at a low wind condition and decreases the yaw stiffness

coefficient at a high wind condition. The yaw stiffness coefficient

is slightly increased by decreasing blade stiffness. Increasing the

rotor speed increases the yaw stiffness coefficient but the

nondimensional yaw stiffness is hardly affected by the changes in

rotor speed.

Finally, the analytical results for the Enertech 1500 were

studied. It was found that the theory developed for the Grumman WS33



74

can be applied to the Enertech 1500 since they are the same type of

wind turbine: three-bladed horizontal-axis wind turbine.

The study indicated that the Enertech 1500 was unstable in yaw.

The nacelle and lack of blade coning are the primary causes of the

system instability.

The yaw prediction for the Enertech 1500 is in contradiction with

test data. This contradiction could have resulted from 1) using

single airfoil-section data (e.g., 3/4 radius), NACA 4415, to

represent a variable thickness blade and 2) using the analysis for

isotropic material to predict the yaw behavior of a rotor made of

orthotropic material.

In order to obtain more accurate results, more accurate models of

the rotor and the nacelle are needed.
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APPENDIX I

KINEMATICS

A four-degree-of-freedom wind turbine system is illustrated in

Figure I.1. The degrees of freedom of the axisymmetric rotor system

are blade pitch deflection, blade flap, speed variation, and yaw

angle.

In developing the mathematical model for the turbine system, we

use assumed mode shapes and generalized coordinates to represent the

dependent variables. By this method we can derive the governing

equations in ordinary differential form rather than partial differen-

tial form. Each degree of freedom is expressed as the product of the

displacement function (assumed mode shape) and the generalized coor-

dinate.

These relations are given as:

e(r,t) = fl(R)g1(t) (blade pitch) (1)

w(r,t) = Rsf2(i)(q2(t) + qs) (blade flap) (2)

i(r,t) = f3(R)g3(t) (speed variation) (3)

y(r,t) = f4(R)g4(t) (yaw angle) (4)

where R is the distance from the tip of the blade to the hub of the

rotor. The qi(t) terms are the generalized coordinates of the rotor

system and the f
i

( ) terms are the assumed mode shapes. The mode

shapes are expressed as:
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2r, r

Rs

,

fl(112)) R

f2(rigrrS)2 A(rS)3 (rS)4
)

s
"1.R ) (RS)

Here rS is the radial distance from the local point on the blade to the

blade root.

The mode shape in Eq. (5) is for a uniform cantilever beam in

static equilibrium with applied torque at the open end. The mode shape

in Eq. (6) is for a uniform cantilever beam in static equilibrium with

uniform forces applied on the beam. The mode shapes in Eqs. (7) and (8)

are those of a rigid body.

For a turbine blade with blade stub, the mode shapes of blade

pitch and blade flap differ from the ones in Eqs. (5) and (6). They

are expressed as follows:

for r > R
H

f
tGJ)

= 24H )tr) + 2bS - (7S )
2

"S "."'"H "S S
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for 0 < r < R
H

EI (RH , (

RH rs

f1(i) `CET) 'R R 4(R ) 2(R
s
))

H S S

R r
9(

R
H) GJ ( ( S)( S))

f2(i) ``R (12 1 `Ft R
S ww IH H S

where = r - R
H

,HN2 EI ( 44L1))
Ko 21-s,/ (E)H'

,H, EI ( 1 414
K

)
K1 = 12qT (E0H

Here R
H

is the length of blade stub, measured from the blade section

to the rotor center. (EI)
H

and (GJ)
H

are flapwise stiffness and

torsional stiffness of the blade stub.

Having defined the degrees of freedom in terms of generalized

coordinates, we are now ready to develop the kinematics of the rotor

system.

The absolute motion of the turbine blade is determined by the

motion of blade deflection relative to the hub, the motion due to rotor

rotation, plus the motion of the nacelle and tower. Since in this

analysis no movement of the tower is allowed, we consider the reference

frame fixed to the tower as the inertial reference frame. Consider the

motion of a point on the blade whose absolute position is represented by

a series of relative position vectors. A series of coordinate systems

is used to describe these vectors. Let the coordinate system X,Y,Z be

located on the top of the tower. The coordinate system x,y,z is fixed
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on the nacelle and its origin is at the same point as the coordinate

. A A

system X,Y,Z. The coordinate system x,y,z is the same as the coordinate

system x,y,z except its origin is moved to the center of the rotor. The

coordinate system x,/,z is obtained by rotating the coordinate sys-

A A A

tem x,y,z by the magnitude of angle * (where p = at + x). The coordi-

nate system x
P
,y

P
,z

P
is obtained by rotating the coordinate system x,y,z

around the /axis by the angle p. Then, at position r on the blade, the

coordinate system x
a
,y

a
,z

a
represents the effect of the pretwist angle,

a. The coordinate system xa,ya,ze is obtained by moving the origin of

the coordinate system xa,ya,za in the z3 direction over the distance "w"

and rotating it around the ya axis by the angle w' (aw/ar). Finally,

the coordinate system xi,x2,x3 is located on the shear center of the

blade cross section and differs from the coordinates xe,ya,za by the

amount of the pitch angle 8.

These coordinate systems are shown in order from the inertial

reference frame to the final reference frame that is fixed on a point on

the blade in Figures 1.2, 1.3, and 1.4.

A series of transformation matrices is used to transform from one

coordinate system to the others. These transformation matrices are

shown in Figure 1.5.

Another variable that we will deal with is the radial displacement

of the blade. This displacement occurs during the blade deflection when

the assumption of an inextensible blade is made. This radial displace-

ment is defined as

(9)



x X Z
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Figure 1.2 Coordinate systems XYZ, xyz, and xyz.
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Figure 1.3 Coordinate systems xyz, x y z, x y
P

z .
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Xs

Figure 1.4 Coordinate systems xy13 z x6 ye z
8

, and x
1

x
2
x3.
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( x ) = [T] (x')

0 0

[T] = 0 COS 71 Sin 71

0 sin 771 cosni

/

( x ) = [T]

cos 772 0 Sin 772

X3 [1] = 0 I 0

-sin 772 0 cos 772

Figure 1.5 Transformation matrices.

[T]

( x ) [T] ( x')

/
cos773-sin773 0

sin
173

cos 173 0

0 0

85
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where vc is the deflection of the blade in the direction that is perpen-

dicular to the axial line (flapwise direction).

The velocity of a point on the blade is found by using the kine-

matic relation [10]

where

1 1 + x T
R c a C R a

(10)

Ric is the velocity of point c in a reference frame R.

a C
is the velocity of point c in a reference frame a.

.

R a
is the angular velocity of the body that the reference

frame a is fixed to, observed from the reference frame R.

T. is the position vector of point c.

For the angular velocity, we have

Rya Rut ea

where
n

is the angular velocity of the body that a reference

frame is fixed to, observed from a reference frame n.

The absolute motion of a point on the blade can be found by using

the transformation matrices and Eqs. (10) and (11).

The blade velocity and blade angular velocity measured at the

center of mass of the blade cross section are:

= V
Xp Xp

+ V
YP nyp

+ V
Zp Zp

(12)
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e = distance from mass center to the shear center of the blade

cross section.

= distance from the rotor plane to the nacelle's yaw axis.

w'
ar

g
W' =

at Lar)
raw)

1.1) = +

wfCi w 21'2 + w3r-C3
(13)

w.
1

= w
81

w
Wi

+ + w
yi

i = 1,2,3

Wel = 5

w
wl

= 0

w
*1

= (sinpcosw' + cospsinwicoss)

w
yl

= ;L(cospcosw' - sinpsinwicosa)cos* - sinw'sinssimpj

'482

ww2 = - W'cose

colp2 = - 11/(sinpsinw'sine + cospsinocose - cospcosw'sinecos8)
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APPENDIX II

ROTOR AERODYNAMICS

II.1 Relative Velocity

The relative velocity that the blade element experiences at the

rotor is defined as the vector sum of the blade element velocity at mid-

chord and the wind velocity at the rotor.

=
w B

(1)

Here /w is the wind velocity at the rotor and 12, is the blade element

velocity at mid-chord, it does not include pitch velocity (5). The wind

velocity at the rotor is given by

w
= V

w
;
z

- aV
w
n, (2)

where "a" is the axial induction factor. The development of the axial

induction factor will be explained in a later section.

In the strip theory method (2-D assumption), the relative velocity

in the spanwise direction does not produce lift force or drag force.

The velocity to be considered in evaluation of the aerodynamic forces

and moments is the relative velocity in the plane of the blade cross

section. Thus the relative velocity is expressed as

e Ow -%).-13/Xlye Ow (3)



By using the unit vectors en and ;t, we obtain

where

e
= Wnen - Wt et

W
n

= (V
w

-
B

Wt Ow

9
en =

Z8

e. =
ye

91

(4)

The expression for VB can be obtained by following the same procedure

used in Appendix I.

Substituting the value of -13. and Vw into Eqs. (5) and (6) we obtain

the normal and tangential relative velocities as

W
n

= awn + V
Bn

W
t

= cwt + V
Bt
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- Vw(cosy - a)(sinpsinw' - cospcosvecos$)
V
wn

=
- V siny[(cospsinw' + sinpcosw'coWsin* - cosw'sinscos*3

V
Bn

- Zi[(sinpcosecosw' + sinw'cosp)sinp - sinecoswicosto]

+
d
sinw' - (r + u

d
);coswicospsin$

- (r + ud)y(cos8cosw'sin* - sinpsin8cosw'cos*)

- Wcosw' - wi,sinvecospsin$

- w4(sinw'sinpsinacos* - sinw'cos$sin*)

+ e3icose(sinpcosw' + cospsinwicos8)

+ e3 -.cose[(cospcosw' - sinpsinwicosCcos* - sinw'sin$sinlo]

V
wt

= {- Vw(cosy - a)cospsin$ - V siny(sinpsin0sin* + cos8cos*)}

- Zy(cos0cos* sinpsinesin*)

+ (r + ud);cospcos$ - (r + ud)-7((sinBsin) + sinpcosacos*)

V
Bt

= - wlpsinp - vicospcos*

+ e3isine(sinpcosw' + cospsinw'cos$)

+ e
3
4sine[(cospcoswl - sinpsinw'cose)cos* - sinw'sinsin*]

where e3 is the distance from the mid-chord to the shear center of the

blade cross section.

The velocity diagram of the relative velocity at the blade cross section

is shown in Figure II.1.1.

11.2 Aerodynamic Forces and Moments

Figure 11.1.1 shows a blade profile section at radius r with the

relevant velocities and forces. The air flow gives rise to a lift force

L and a drag force D whose resultant can be resolved into components of

normal force dFn and tangential force dFt.
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Figure 11.1.1 Velocity diagram at blade cross section .



From the geometry we have

dF
n
= dL cos. + dD sin.

dF
t

= dL sin. - dD cos.

(7 )

(8)

The expression for the normal force and tangential force can also be

expressed as

where

dFn = 1 0 w
2 -.

2

e
cC

n
dr

dF
t

1
p W

2
= cC

t
dr

e

Ch = C
L
cos. + C

D
sin.

Ct = CL sin. - C
D

cos.

The aerodynamic moment at 1/4 chord can be expressed as

+ 1 2 2
dM n = pwcC dr n

c/4 1 7 e M
c/4

1

and according to Fung [3]

C
ITC

= - COSa 5

c/4
8

Substituting the expression of Cmc/4 back into Eq. (11), we obtain

(12)
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dM
c/4

= - pmWecosa
16
Trc 5 dr (13)
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11.3 Linearized Aerodynamic Forces

In this study the linearized aerodynamic forces will be devel-

oped. These functions will consist of the nominal terms plus the linear

variations of the aerodynamic forces with the dependent variables.

Let us first consider the aerodynamic forces. Figure 11.3.1 shows

the blade profile section at radius r with the relevant velocities and

forces. The components of the aerodynamic forces are expressed as

where

dFn =
,

-7p. We2cCndr

dF
t

1
= p W

2
cC

t
dr

e

Cn = CL(aE)COSO + C p(aE)Sin0

Ct = CL(aE) sino - Co(aE) coso

We = Wn + Wt

(14)

(15)

aE is the effective angle of attack measured at 3/4 chord when including

the effect of the pitching velocity at that point.

Normalizing Eqs. (14) and (15) by dividing through with
1
-p V

2
R
2
yields

2

W 2 c d

CF ('A) Cn 721
n

(16)
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Figure 11.3.1 Velocity diagram at blade cross section.
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(17)

The derivative of the normal force with respect to the dependent varia-

bles is defined as

ac
F

dr
N -R---

an

2W, _

N =
Wn a Wn z

C (2
an

w
c We a

17t )] +R(Tr)2 Cn3n

The derivative of Cn with respect to h becomes

aC
n

aC
n

aaE aC
n

an actE an ao an

(18)

(19)

The velocity of the fluid that accounts for the pitching velocity at 3/4

chord is expressed as

and

VP = e
2
ecose;

n
- e

2
esineet

W2 = (Wn + e
2
5cose)

2
+ (Wt + e

2
esi ne)

2

(20)

From the velocity diagram in Figure 11.3.1, the tangent and cosine of

the effective angle are expressed as

Wn + e
2
5cose

tancE
Wt + e

2
esine

(21)
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where

Wt + e
2
8sine

cos(0E

(I)E
e

From trigonometric relations we obtain

(1,E) = sec
2
0

4E
(tan

an E

aa
E

=
2 a (,_

an
- cos (0E LanoEj

an

(22)

(23)

By substituting Eqs. (21) and (22) into Eq. (23), we obtain the expres-
aaE

sion of as

where

ace
E

12 ))(Wt + e2esi ne
r

nn
w + e

2 an

a Wn

Wn
an

aWt
Wt an

- (Wn + e28cose)(Wt + e2 (esine))] + 29-
an

(24)

n

In the same way, the expression of 21- can be expressed as
an



= [WnnW - WnWtn]
an w2 t

"e
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(25)

Substituting Eqs. (19), (24), and (25) back into Eq. (18) we then evalu-

ate all the dependent variables at nominal values. The derivative of

the normal force can be expressed as

where

W
n

W
t

N
n

= F1V n+FI2 VG,

Wn
Wt

q1
N = F + F --:- + F
q1 1 v-1,-o, 2 v-m-os 4

Wn
Wt.

cl1
F qi FN = F

1 V
+ . q 1 i 4. 3

(1

co
a vco

1

W
t)r C in nr = +

n V1
t c

V n
V =,

F = 12 C C -142=
V n-nV

e
2

Wt

C fF3
.< n V V 1

F4 = fT, (AZ en fi
co a.

for n * ql,q1

(26)

Figure 11.3.2 shows the velocity diagram of the blade evaluated at the

nominal value. The relation of lift and drag at the nominal value can

be expressed as
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Figure 11.3.2 Velocity diagram at blade cross section

evaluated at nominal value.
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Cn = CL cosa + C
D

sina

Cn = CL cosa + C
D

sina - C
t

v aE
aE

C
t

= C sina - C
D

cosa

Ct = CL sina - C
D

cosa + C
n

aE aE

Cn = CL cosa + C
D

sina
a aE aE

Ct + CL sina - C0 cosa
a

E
aE

The variation of the tangential force with the dependent variables can

be found in the same way. The derivative of the tangential force is

defined as

and

dr
3CF

t

n R an

W
n

W
t

H
n

= G
1
n+Gn

2 V--

W
n Wt
ql

+
q1

H = G
1 V. 2 V

+G, G
4

W
n. Wt.
ql

H = G + G 1f7:- 2 -V-- 4- G3

for n * ql,1

(27)
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2W

{
\T__n ct}
co v

c
2W

t
W
n

G2 C C
2 V t t V

co V co

e W

G = C
t

f
3 Tt V V 1a OD OD

c
We

2
CG = ()

4 R V t
co ce
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11.4 Axial Induction Factor "a"

In this analysis, the nonrotating wake model is used. We can

calculate the local value of the axial induction factor by equating the

windwise force developed on the blade to the momentum flux in an annular

ring of radius r.

Applying the momentum theorem to the flow in the annulus "dr" one

obtains an expression for the windwise force as

dT = po,(2wrdr)u(Vw - V2)

= p. V2 (1 - a)2a271.rdr

Defining a local thrust coefficient by

dT
(CT)L 1 2p.VdA

Equation (28) becomes

(28)

(CT)L = 4a(1 - a) (29)
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The local thrust coefficient based on the blade force in the windwise

direction is developed using the blade element theory

dT =
1

p W
2
Bc Cdr

e

Using the definition of (CT)L, we obtain

W C

(CT)L
(Bc)(ve)2

(30)

(31)

With a given value of CL, the local axial induction factor can be found

by equating Eqs. (29) and (31).

The simple momentum theory approach leads to the result that the

induction factor "a" cannot be greater than 0.5 as this would yield zero

downstream velocity. However, increasing thrust coefficient values are

obtained for a > 0.5.

When the axial induction factor "a" is greater than acritical, thecritical,

Glauert relationship [4 ] has been used instead of the simple momentum

theorem. The Glauert relationship is shown in Figure 11.4.1. This

empirical relationship can be approximated by a straight line with good

accuracy using wind tunnel test data. The straight line approximation

used in this analysis for a > ac is

(CT)L = 4ac(1 - ac) + 4(1 - 2a)(a - ac) (32)

where ac = 0.38.
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11.5 Variation of Axial Induction Factor with Generalized

Coordinates

In the process of linearizing the aeroforces, the variation of the

axial induction factor with the dependent variables is encountered. We

can calculate the local variation of the axial induction factor by

equating the derivative of the moments developed by the blade force to

the derivative of the moments developed by the momentum flux.

Defining the variation of the axial induction factor as

en

r
= k

n
sin + j

n R
cos* (33)

Substituting the expression for the variation of the axial induction

factor back into the linearized aerodynamic forces terms, we now have

two new coefficients to solve for, kn and jn.

The coefficient k
n
can be calculated by equating the derivative of

the yaw moment developed by the momentum theorem to the yaw moment

derivative developed by the blade element theory. In the same way, the

coefficient jn can be calculated by equating the derivative of the

pitching moment developed by the momentum theorem to the pitching moment

derivative obtained from the blade element theory.

Considering the segment "rNdrNde of the annulus "dr", we obtain

the expression of the moment as the cross product of the rN vector and

the windwise force of that segment.

dA x d1 (34)
N

where
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rN = (r + um)cosp - wsinp (35)

dT = p. V2 (cosy - a)2a rNdrNd* (36)

A local moment coefficient is defined as

dM
dC

M 1 p.V7r2 37 R

(37)

Substituting Eqs. (35) and (36) into Eq. (37), we obtain the expression

of the yaw moment as the component of the vector "dCM" in the nx direc-

tion and the pitching moment in the ny direction.

The expression for the yaw moment is

1
r
N

dr
N

dC
M

= 4a(cosy - a) -R-- sin*
x

The expression for the pitching moment is

2

1
rN dr

N
dC

M Tr
= 4a(cosy - a) IT- cos*

(38)

(39)

By taking the derivative of the yaw moment and the pitching moment with

respect to the dependent variables then integrating over the whole

rotor, we obtain the expression

aC aC 2
R 27r ,

la
dr

Nx r r P rN
3.n IT

o
aa

Si
NI) 4) -17

o

aC
R 27r

aCT
rN

an

y 1 L aa N

7r of I I
" R"

costod*

(40)

(41)



where

C
T
L

= 4a(1 - a)
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Substituting the expression of H_ from Eq. (33) into Eqs. (40) and (41),

we obtain

where

aCM
x_

knit
1an

aCM

= j

an n 1

R
aC

T r
3

dr
L N N

ni of as
R3
R

(42)

(43)

(44)

Now we will look into the same yaw moment and the same pitching moment

but they will be developed by blade force instead of momentum flux.

Considering the small element of blade "dr", the moment created by

the aeroforces and aeromoments are expressed as

where

= rM x dt + dA
c

rM = (r + u
Xp

+ W
zo

+ e
1 2

dr , dFn a + dF
t ye

(45)



dA
c

= dM
c 1

4 4

the expression for the yaw moment is obtained from the component

of dtM in the n
x
direction

where

dCm = (TL1) d + (TL2) d

x
R

we 2 c
N = cn

W
e)2 c

H = -R-

TL1=

TL2 =

108

(46)

e
1

---cose[(cospcosw' - sinpsinwlcos8)cos* - sinw'sinBsimpj

(r+u )

cosw' R sinw'j(sinpsinocos* - cos8sin*)

(r+u ) el

- [ sinw' - cosw' sine] [ (sinw'sinasinip)

+ (cospcosw' - sinpsinw'cosa)costp]

(r+um)

[ R
cosw' + sinws][(cospsinw' + sinpcosw'cosa)cos*

+ cosw'simsinild

Now we take the derivative of this moment with respect to the dependent

variables. Then we add the effect which accounts for the "B" turbine
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blades in the system. The expression of the average yaw moment deriva-

tive is given as

where

3C
M
x B

R 27r R arr

f f N (TLI) dip + 713 f f H ( TL2)
311

27r RH 0 n Zir RH 0
(47)

3
N =

N

n an

a H
H =
n an

By substituting the expression of H. from Eq. (33) into Nn and Hn terms,

the derivative of the yaw moment is expressed in terms of kn and jn.

The expression of the pitching moment developed by the blade force

is expressed as the component of dt in Eq. (45) in the n direction.
M 3Cm

Then the derivative of the pitching moment any is obtained in the same
3Cm

way as it is done in anx .

Now we can equate the derivative of the yaw moment developed by

momentum flux to the one developed by blade force and the derivative of

pitching moment developed by momentum flux to the one developed by blade

force. The analysis results in two equations and two unknowns (kn and

The result of this linearized analysis shows that the variation of

the axial induction factor exists only for the yaw and yaw rate varia-

bles

3a

an
n * q4 and q4 (48)
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The coefficients k
n

and j for yaw and yaw rate are given by

k = ("4 "5 "5 "7)(111 -113) "2(1112 "13 "14 "15)
(49)

q4
2 2

("1 "3) "2

1(114 "5 "5 "7)112 ("1 n3)(1112 "13
"14 +1115)}

ia
2

'4
("1 "3) 112

(50)

(118 "9 1110 "11)("1 113) 112(1116 1117 1118 1119)
k

q4 (ni - n3)
2

+ n2
(51)

-I (118 "9 "lo 1111)112+ Or "3)(1115 1117 1 1119)1

q4
(111 113) 2 +

where ni's are the integral terms.

These integral terms are given as follows:

R
aC

T dr
L ( NO N

111
R
f as

(rN)3
) R

if
2

R el
r74N Rr3

57 f (Ni)(N1) e(cospcosw(i) - sinpsinw(')cose)
n R

H

3
(r+u

m
) w r

N dr
2- .7; f (Ni) ( cosw(' + sinw(;)sinpsine T T

R
H

3
(r+u

m
) wo

+---
2

f (H1)(
R R

coswc;)(cospcosw'
r

sinw'
RH

r

- sinpsinw(1
R R

coss)
N dr

3
R (r+u

m
) w

o ,

-27r f
(H1)( R--- cosWo + TE-sinwo)(cospsinwc1)

RH

dr
+ sinpcoswc;cosa) RN

R

(52)
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3
( r+um) (r+um)

,

117 = -27 f (H3)[( cosw(13 +
o
sinwo)coswolsi n8 +

RH

si two'

il
8

wo
dr

- coswo')sinwo'si no]
f 4 R

3
= f (N4)[}-rel (cospcoswo

RH
- si npsi nwo'cos(3)

( r+u ) w

( R m
dr

coswo +
o

sinw '0)sinpsin8jf4 ir

3 ,R
el

.

( r+u )

119
o . , drw

Tr-r
R
H

05) [-ir sinw'sin$ ( rn cosw' + s nw
o
)cosej f

4
R

R

3
R ( r+um) wo

-7 f (H4)( sinwo' - R cosw' ) (cospcosw -
0

1110 =

RH

dr- Si npsinwo'cosa)f4

3 r
R ( r+u

m
)

arr
(H4)( coswo +

R
sinwl)(cospsinw'

RH

+ si npcoswolcoso) f4
R

dr

3

Rf
( r+u

m
) w

1111 =
" 5 )

cosw' + si nw')cosw'si ns
[( o R

o

(r+um)
. ,

wo dr
+ ( s nw - cosw')sinw'sine]f

R o R 4 R

e (r+ um) _r
n12 = fR (N2)(11-- sinw'sine. ( coswo' + T° Rsinwo')cosa)f

4

d

R
R
H

1113

)

f (N3) (Tr- (sinpsinw(icose-cospcoswo.)+(( coswo.
" R

H

+ ° sinw 1)si npsi nB)
f

dr

4 R
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u

1114 =
3y R

f (H2)[(
( r+

m

) wo
sinw' - coswol)sinwossi nf3

RH

+
(r+ um)

o R
cosw + o sinw )cosw si ne.]f

4 R
dr

R ( r+ wo
3- -27 f (H3)(

um)

sinw' - coswo )(cospcosw'
o

RH

- si npsi nwo'cos8) f4
d

R

r

o
R

1115 = + f (H3)(

( r+ um)

cosw' + s i nwo) (cospsi nw '

RH

+ Si npcoswo'cos8)
f 4

d

R

r

( r+um)
3

e
1 . .

II
16

=
o . ,

-27. f (N4)[7 nw Isi ( cosw' + si nw )cos
dr

"
o o f 4

e

11

17
= - T

R

f (N5)[T-
l

(cospcoswo' - sinpsinwo'cos8)
I R

H

(r+um)
wo

( coswO + 7--si nw1) si npsi ne]f dr

o 4 R

3
( r+u

m

) w

1118
= f ( H4 ) [ ( si nw' - -Fr

o
coswO)si nwo'si n877

RH

( r+U )

+ ( coswo' + wR° si nwo' )cosw' si n8] f
4

dr
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where

3

f (H5)(

(r+u
m

)

o

o

o
sinw'

R
cosw1)(cospcosw(

R

13

dr
- sinpsinw('cosa) f4

R

(r+u
m

)

R+ 7- f 0 . ,0-15)(-7 coswc; + sinw
o
)(cospsinw'

"71 R
H

dr
+ sinpcosw(;cosa) f4

R

N1 = (sinpsinwt; - cospcosw(;cosa)F1 - cospsinaF2

N2 = cosw'sinaF
1
- cos8F

2

N3 = (cospsinw'd + sinpcosw('cos$)F1 + sinpsin$F2

N4 =

N5 =

(r+udi
w

V
'

o
sinacosw + sinpsinacosw' + sinw'sinpsina)F

1V o V

e

+ ---
(
cospcoswl - sinpsinw'cosa)F,

CO

(r+u di w
-(2- toss + sinpcosa + o cosp)F2

V. . .

(r+u
d

)

(2-\T-
' '(sinpcosacosw + sinwcosp)+

v
cosacosw'

V
,

V
+ sinw

o
cosa +-3 sinw'sin$)F

1

(r+ud)
+(vsinpsino +

V
slna)F

2
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The expressions for H1, H2, H3, H4, and H5 are the same as N1, N2, N3,

N4, and N5, respectively, except F1 and F2 in Ni terms are replaced by

G
1
and G

2
in Hi terms.

11.6 Tip Loss Model

In order to account for nonuniform flow in the wake of a wind

turbine, flow models have been adapted from the propeller theory.

Physically, the tip correction accounts for the fact that the maximum

change in axial velocity, 2aV,,, in the wake occurs only at the vortex

sheets and the average velocity change in the wake is 2aV.F, where F is

the tip loss factor.

"Tip losses" have been treated in a variety of different manners in

the propeller and helicopter industries. The simplest method is to

reduce-the maximum rotor radius by some fraction of the actual radius,

which in helicopter studies is of the order of 0.03R. A more detailed

analysis was done by Prandtl [15] as a method for estimation of lightly

loaded propeller tip losses. Later Goldstein [5 J developed a more

rigorous analysis.

But due to the ease of use and the fact that the available experimental

data are not sufficiently accurate to resolve the differences predicted

by various approaches, only the Prandtl method will be considered.

Prandtl's factor is defined as

where

F = erc cos e
-f

B R-r B R/r-1f =
Rsin$T sing)
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The expression for f can be suitably approximated by writing rsino in

place of Rsino.r. Here B represents the number of blades; 0/. is the angle

of the helical surface with the slipstream boundary.

11.7 Power and Thrust Coefficient

From the blade elementary theory, the windwise force and torque at

the nominal value are given as

1 dr
dT =

2
p BW2

cC.eNR (53)

dQ =
1

p.BWe2
dr

cCtr (54)

Power is defined as tfte product of torque and angular speed

dP = adQ (55)

1
Normalizing Eqs. (53) and (55) with -

1
rp.y./R

2 Tand p.V3 I1R
2

, respective-

ly and making use of the relationship of the relative velocities and

angles at the blade cross section, one obtains

3 xtin
clor: p ;i7s.,/ (1;3.2

) [(1-a)CL - xyx2dx
x
hub

3 x

tiP Bc 1-a 2
C
T

f ---1 1 + [xCL + (1-a)CD]xdx
/x R

x
hub

(56)

(57)
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APPENDIX III

DERIVATION OF GOVERNING EQUATIONS

In order to develop the equations of motion, the Lagrange method is

used. The expression of kinetic and potential energy of the system will

be developed. Then, by using the virtual work concept an expression for

the nonconservative forces can be obtained.

Lagrange's equation is used to develop the equations of motion.

The Lagrange equation is given as

d (at. aL
,a L.=

aqi aqi

where

Qi

L = Lagrangian function = KE-PE

Qi = nonconservative force

qi = generalized coordinate

With the expression of KE, PE and Qi substituted back into

Lagrange's equations, we obtain the equations of motion.

III.1 Kinetic and Potential Energy

In order to obtain the expression for kinetic energy of the rotor

system, the velocity and angular velocity of the blade element are first

developed. With known values of mass and mass moment of inertia of the

blade element, the kinetic energy is expressed as

(1)
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Here Vc is the velocity of the blade element of length dr, wi's are

angular velocities of the blade element in the direction normal and

tangent to the blade, dm is the mass of the blade element, and dIi's are

the mass moment of inertias of the blade element at mass center in the

same direction as the wi's.

The total kinetic energy of the blade system is obtained by inte-

grating over the blade length and adding the contributions of each blade

B R B R B R B R

KE = E f V2dm + z f wl
2

dI, + z f 4dI2 + z f 4dI3
i=1 R

H
i=1 R

H
i=1 Rh i=1 Rh

(2)

where B is the number of blades.

The additional kinetic energy due to the hub mass and generator are

considered. The additional kinetic energy terms are expressed as

. 1
KE = I *

2

T+ I
G
(N

G
tp) (3)

Here I
H
is the mass moment of inertia of the hub around the rotor shaft,

IG is the mass moment of inertia of generator around the rotor shaft,

and NG is the step-up gearing ratio between the turbine and the

generator.

An expression for the potential energy of the rotor system can be

derived from the strain energy due to the blade deflection and blade

twisting. The expression for the strain energy of an element of a blade

is first developed, then integrating along the blade span and adding the

contribution of each blade to get the total potential energy. Thus, we

obtain



1
,2w

1 38 2
drU = 2 f EI(r)(2--r dr + E f GJ(r)(----)

2 ar
i=1 RH ar i=1 RH
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(4)

111.2 Virtual Work

The virtual work principle can be stated as, "If a system of forces

is in equilibrium, the work done by the externally applied forces

through virtual displacements compatible with the constraint of the

system is zero," [11

n

SW = E Pi. = 0
i=1

where

= external force

dri = virtual displacement

Virtual displacement is defined as infinitesimal arbitrary changes in

the coordinates of a system. These are small variations from the true

position of the system and must be compatible with the constraints of

the system.

The total virtual work of the system can be expressed as the summa-

tion of the virtual work of conservative forces and the virtual work of

nonconservative forces. The conservative forces are the forces that do

depend on position and can be derived from a potential function. Con-

servative forces are the inertia forces, the contact forces, and body

forces. The nonconservative forces are energy-dissipating forces, such

as friction forces and forces imparting energy to the system, such as

external forces. Nonconservative forces are forces that do not depend

on position alone and cannot be derived from a potential function.
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In this analysis we will consider the virtual work of the noncon-

servative forces alone. The nonconservative forces in our case are the

aerodynamic forces and moments.

111.3 Nonconservative Forces

First, let us redefine the virtual displacement and virtual angular

displacement (virtual rotation) of the system. In this analysis, we

assume that the aeroforces and moments act.at 1/4 chord position of the

blade cross section. The virtual displacement and virtual angular

displacement are defined as [10

where

aV
d

91

Sa
3w

.

agi qi

a,
d

the partial rate of change of position with respect to
aqi

qi at the 1/4 blade chord in the inertial reference frame.

3w
= is the partial rate of change with respect to qi of orienta-

aqi
tion of the blade in the inertial reference frame.

The virtual work is defined as the summation of the inner product of the

aerodynamic force and the virtual displacement and the inner product of

the aerodynamic torque or couple and the virtual angular displacement



121

sw = Ps-P + A.stt (7)

The aerodynamic force and couple at 1/4 chord are defined as

P = Fnen + Ft e
t

(8)

A mit,

1

Substituting Eqs. (7) and (8) into Eqs. (6) the expression for the

virtual work becomes

64 Q16q1 Q26q2 Q36(13 + Q4"4

where Qi represents the nonconservative force relevant for the right

hand side of the Lagrange's equation

( .d) +
A (a4:

3q1

oV(A + A . (222)

42 aq2

=
p

a
d) A (aw

43 43

aV,

Q4 = p (77'') A (14
3'44 3q4

Now we have the expression for the Lagrangian function and the non-

conservative forces. Substituting these expressions back into

Lagrange's equation, we obtain four equations of motion. These equa-
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tions can be written in matrix form as

where

[M] {qi} + [C] {qi} = {G(q1,...q4, qi,...q4,t)} (13)

[M] = nonlinear mass coefficient matrix

[C] = nonlinear damping coefficient matrix from -Edf (aL 7H

iG1 = a vector consisting of nonlinear terms from + Oi
"i

111.4 Nacelle, Gravity

Nacelle

In this analysis we will consider the nacelle as a slender body.

The shape of the nacelle is assumed to be a cylinder with a hemisphere

on the forebody and afterbody. Figure 111.4.1 shows a picture of the

nacelle.

Since we assume that the nacelle acts like a rigid body and the

only movement it is allowed is rotation around the yaw axis, the kinetic

energy and potential energy can be expressed as

KE =
2

1 .2
I y
n

PE = 0

where I
n
is the nacelle's mass moment of inertia around the yaw axis

1 2.2KE = Ifa
2 n 4.4

(14)
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Figure 111.4.1 Nacelle geometry.
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For the nonconservative force, the forces on the nacelle are calculated

by using the slender body theorem. The forces on the body can be ex-

pressed as

ds
dF
y

= 2q
co dz

dz

2
u
zl dR(z))21 j1;

dzdFz = - q.(i + (R,z) + (
dz ) dz

where

s = the cross section area of the body

R(z) = the radius of the body cross section

The virtual displacement of the nacelle is expressed as

(15)

(16)

6-P = zf4bg4 ny (17)

The virtual work of the nacelle system is given by

d(sW) = dFy sP

= (2qwz dz f24q4)Sq4 (18)
dz

The nonconservative force for the nacelle is expressed as

ds
dQN = 2qmz dz f

2

4
q4

az
(19)
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The force on the nacelle exists only at the hemispheres at both ends of

ds
the nacelle (-ay* 0).

The afterbody of the nacelle is in the hub area. In real flow, the

flow would separate before it reaches the afterbody. Only the forebody

part of the nacelle is considered.

The equation of motion of the nacelle is developed by substituting

the expression for kinetic energy and the nonconservative force in

Lagrange's equation. The nondimensionalized equation of motion is given

by

where

m
44

q
4

+ k
44

q
4

= 0

I
n 2

m44
n

-7 ' 4

2 rn ds 2

k44
n

-7 J dz
f4 dz

R -(n-Rm)

n = distance from the nacelle's yaw axis to the forebody

end of the nacelle

(20)

RM = radius of the hemisphere on forebody and afterbody of the

nacelle.

The correction factor for the nacelle with a non-circular cross

section is obtained from reference 2. From the analysis of airships,

Munk[2] defined the inertia factor for the cross section effect on the



lateral forces developed by the slender theory as

for common circular cross section

for other cross section

=. 1

b2

4S
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where S denotes the area of the cross section and b is its largest

width or height at right angles to the motion considered.

Hoerner [8] also suggested the correction factor for'the effect of

fineness ratio on the slender body as

P = (1 - d/1)

where 1 is the length of the body and d is the diameter of the body.

With these correction factors, the stiffness coefficient of the

nacelle becomes

23 in z 41 f24 dz (0)
44

n R

where z
1
is the distance from the forebody end of the nacelle to the

point where ds = 0.

Gravity Effect

For a larger wind turbine system, the effect of gravity is very

important in dynamic and structural analysis. Although the Enertech
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1500 is a small wind turbine system, the gravity effect will be included

in the analysis to make the analysis applicable to any size turbine

system.

The gravity effect will be added to the system by means of a poten-

tial function. The gravitational force of the blade element dr is

defined as

-gdm nx (21)

The potential function for the gravitational force is given by

dP = ghdm (22)

where h is a function of ql, q4, and t, whose absolute value is

equal to the distance between the mass center of the blade element cross

section and any fixed horizontal plane H.

We are dealing with the expression for the derivative of the poten-

tialtial function instead of the potential function itself when we
3q

i

develop the equations of motion by using Lagrange's equation. Therefore

we take the derivative of the potential function in Eq. (22) with

respect to the generalized coordinate

a(dP) ah

aqi aq.
(23)

The velocity of the blade element "dr" measured at the mass center can

be expressed as



dh +
c dt nx

4
ah ah +

= - ( E q. + +

1=1
aqi at x

The expression
ah

be found by dotting Eq. (24) with the unit vec-
aqi

ah
for nx and assuming that -57. equals zero.

ah aVc +
aqi x

aq
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(24)

(25)

Substituting the expression
ah

in Eq. (25) back into Eq. (23), we have
aq.

P)
the expression

a(d
accounting for the gravity effect to be put into

aq

Lagrange's equation

aV
aid.EL , c .

aqi

gdm --.n
x

a7qi

(26)

111.5 Tower Shadow

When a rotor is downwind of the tower, the blades pass through the

wind shadow cast by the tower. The performance of the wind turbine will

be affected by this tower shadow.

In this study, the tower shadow is modeled as the velocity deficit

from the rotor axial velocity value over a selected region of the rotor

disk, centered about the tower center line. For the simplicity of

analysis, the width of the tower shadow is assumed as a segment of the

rotor area. The width and the velocity deficit of the tower shadow are

dependent on the geometry of the tower. This tower shadow model is

shown in Figure 111.5.1.
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Figure 111.5.1 Tower shadow.
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To account for the tower shadow effect on the equations of motion

of the system, the width and the velocity deficit are arbitrarily cho-

sen. Then for this linear system, the superposition method is used.

The average forces on the rotor with the tower shadow will be the aver-

age forces on the rotor without the tower shadow, plus the difference of

average forces in the shadow region between the one with and the one

without the velocity deficit due to the tower shadow.

The coefficients of equations of motion will be recalculated for

the shadow region. Many terms in the expression for forces and moments

that depend on the azimuth angle, which are usually balanced out in the

3-bladed rotor case, will remain in the tower shadow case.

The average forces and moments in the shadow region are given by

A

F R

F
shadow

B

27;
*

X RH
f (dF)d

7 - 7

7
+ 2 R

shadow f (it x dr)dip

1T - 7 RH

where

(27)

(28)

dF = the force on the blade element

X = the shadow width.

The flow conditions in the tower shadow are developed from a uni-

form flow model. Thus flow conditions in the tower shadow vary only

with velocity deficit and tip speed ratio.

Table 111.5.1 gives the values of the integrations from the lower

X Xlimit of w - 7to + .
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Table 111.5.1. Some integration values.

A. X
IT -, 7

I si n
2
4, chp

A - sinx

X
2

- 7

1T '7 7

cos
2

tiglip

A
Tr 2

1T

Tr +
2

A

2

Tr +

A
- 7

A

2

2

si nlocostpd4) = 0

(x - sinx)
2

= -2 sl n 2

si mod* = 0'
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APPENDIX IV

LINEARIZED EQUATIONS OF MOTION

IV.1 Linearization

Real systems contain some nonlinearity. If the ranges of values of

the dependent variables are sufficiently restricted, the system may be

well approximated as linear. In this study we will treat the system in

the linear range.

The first thing we need in linearization is the equilibrium value

of each dependent variable. Because of the complexity of this rotor

system's mathematical model, the equilibrium values have been chosen as

e
o

= 0
(1)

w R f ( Rf.)(1
o s2s (2)

xo = 0 (3)

Yo (4)

where qs is the static tip deflection and the subscript 0 indicates that

the values are evaluated at nominal values.

We now define the dependent variable as the nominal (equilibrium)

term plus a small variation term.

qi(t) = qi0 + dqi(t) (5)
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Substituting the value of the generalized coordinate shown in Eq. (5)

into the equations of motion and developing a Taylor's Series for the

nonlinear function of the generalized coordinates and their derivatives

yields the relation given below

. "
af(qi 'qi 'qi )

. 0 0 0

f(qi'qi'qi) f(qi 'qi 'qi ) +
6q.

O 0 o
aq 1i

-

af(qi 'qi 'qi )
af(q. ,q. ,q. )

0 0 o o o o
6q

i
+ 6q + (6)

4.1 aq.

Neglecting higher order terms, we obtain the linearized equation of

motion as

-
af(qi oi oi )" " 0 0 0

f(qi 'cli 'qi ) f(qi 'qi 'cli ) + aq.
6q1.

O 0 0 1

af(cli ,qi ,qi ) af(qi ,qi i
)

° ° ° + ° ° °6q 6q = 0 (7)

aqi aqi

Linearized Equation of Motion

With the known values of k
n

and j
n'

the expression for
an

in the

linearized aeroforce is defined. Then, the linearized equations of

motion of the system are expressed in the matrix form as

where

[M*] {6qi} + [C*]{ aii} + [K*] {6q.11 = { 6}

M* = linearized mass coefficient matrix

C* = linearized damping coefficient matrix
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K* = linearized stiffness coefficient matrix

G = linearized forcing function vector

The components of the matrices M*, C*, K* and the vector G are:

Mass matrix of the rotor

3 R 11cl 2 dr 3 R e 2f2 dr 6 R 11c1 e . dr

m
11

ro.
"H

3

C CO

pr.1
k R R

fR 2 4r2.

TZ

r p(.t.-=) fl - f 11-7- sinwori T
qe.

co

3
R Cd dr3, R uc2 e ,4nw,fcl c2 r f-7- ' 1 R11112= m21 q RI /1 -17 -17 -17 mRHR

ml3= m31

m14= m41

R
e

Rs

cosw
7dr

+
3

o'

'1 CO R

u

H

R u w
3 dr

- f
R

o
si nocosp + -e cospcos3)f3

'10. RH

R
3 e 2 dr

+ f )1( ) sinwo'cospcosafif3 T-
qm R

H
7

R (r+u )
e 2

o

de c
+

3
0 f ur R R

coswo isi nocosp + (R ) coswisi np] f f1 3 R
r

'co RH

R w
3 e

R

o

o

dr
+ f 4 si nwlsi nf3cospf if 3 T-

qc R R

H

3
R I

1 dr
+ f (si npcosw + COSpCOS8Si nw 1) f f

cic,,
R R

o 1 3

0

R
rric2)2 dr 3 (R5)2 r

R
f2 dr iR 2 f2 dr

m22 f 11Y-17) + F1: qr) 'I 2 IT- q 2 17
CO RH RH CO RH R
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M23= m32 =

m24= 11142 = 0

m33 =

.
3

R uc2 wo
dr- , f u (7 Si ni3COSp + -t.

P
COS cosa)f

R 3

4
RH

R (r+u )
3 e .

R
_dr

C Sint3COSp + FT sing) ,71. f f+ 7 f u( R
.0, RH

x '2 3 R

R I2
+ :2-- f cospcosaT3

dr

go RH R

R w
2

3 o 2 2 2 e
2

2f 4(--2- (sin a + sin pCOS a) + -7 (cos a + sin2psin2a)

H
ft"9.0 R

2(r+u
c

)
2 2 dr

R2
cos p) f3

6
R (r +u)

e
(r+u ) w

c
r q I w(--rR-R sincospsin8 o sJipcospcos8

ce RH

w
e

+
o R sinacosacos2p)f2 dr

3 R

3
R

+ f -2 (si npcosw:3 + cospcosasi nwc;
Qm RH R

R

(1

12
2 2 dr3

+ j cos psin a f
3 R

... R

5-
H

R"

2 dr
3 17

R 13
2

qm
+ 3 f (si npsi nw,'0 - cospcoswo'cosa) f2 R

RH V'

1 (I 2 T
G)

f 2
,

H
`3

m34= m43 = 0



R w

2q
3 r

1.1

+ cos 2pcos20) (Te(2
) + sin 2sCOS2p)

H

2
(r+u )

+ 2c (1 + si n2p)} f 42 SRI!:

R w
3 2

+
o

L
L

1. 'FT COSP COS6
R

r+uc) S np

2 R-
e

cospsi na] f

R (r+u ) w (r+u )
3 r C 0

R
R

si
R R

npcospcoss c si npcospsi ns

e
wo

m44 = 2 2 dr
- IT- Sisi nBcosa(1 - n pnf4

where

R I
1 2 2 2 2 2

+
3

J. (cos peOS + Si n psi n wolcos B + si n 2
wo'si n

2s

C° RH R

7

- 2 si npcospsi nwo'coswo'coss) f2 dr

R
3

12
2 2

+ f 7 (sin pSi n + cos
2A)f

4
2 dr
r-q. RH R

R

2q3

13

+ f (cos2psi n
2wo' + si n 2pcos 2

w(')cos
28 + cos 2

wo'si n
R4

dr+ 2si nw 'cosw 'si npcospcoss) f
2

4 R

= blade's mass per unit length

31.1
c

1:1

c1
= evaluated at nominal value

3q1
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arJ
c

7.1c2 = evaluated at nominal value
4

2

I
H

= mass moment of inertia of the hub

I
G

= mass moment of inertia of the generator unit and gear box

Damping coefficient matrix of the rotor

c
11

R al..' 1 wc
q. f

Raq (-17-
0

Si nBcosp + cospcose)
dr

RH

3
R

e dr
77- j ua -- cospcosw'si naf Tr-

RH
R R

R au R_I. 2. c dr 3 e
w

0 2 dr
j a cosw'sinBcospf - I pa rf /7-- si npf 1-7-

Raqi o 1 R q.RH

3 rR , e
(r+uc) R W

2 dr 31r r __.t. _(..) 2 c dr

+ ---q
Ri

4" R R
cos8cosp f IT- + T3 j vceR) Vee 1 R

H
RH

c Llim1 . ,. dr
R W e e

+ 3 f 1r 17 Cn Tc: (T-
co

f1 Si nwojfi 7--
a

H



C12 = <

3
R auc2 w

f us2 (-2- s i n$cosp
RH ql R

dr
+ /7-z cospcosf3

R c2 e dr3
+ J ut2 --- cospcosw'si n$f 1 K

402 R
7

R

R
R dr3

+ f 1.62 IT Tr Si nasi nwoicospfif2 -R
m., RH

R (r+u)3 , dr
jr

(71 R
R R

c sinwisinBcosp flf2 R

3 r dr
+ ) 2si nosi nw o 1 2 -R---

4co RJ
R

H

R w
3 o

R o R

e dr- --, f ut2
R

cosw' ( sinscosp + cospcoss)flf Tz
R

4e° RH

R (12-43)
3 dr, 1 --1 a(si npsi nw ' -cospcosw icos8)flf -r-

o o29. RH

R Fi il
LId2 ,

el
f Ill' sinwi) dr+ 3 f 7-!-- (Recoswo'f2 - R(---7)si nwo)(-7--

1 R o R
RH '
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6
R

e dr
u t 1 (

R
)

2
(si npcospsi nBsi nw - si nacoSeCOSW (1-Si n 2p) )f

1
f

3"co RH K

6
R

e 2{ , 2 2 2- Ili/ 7 coswosi n 13+si n pCOS f3)
'co Re

H

dr+ Si npcospcosf3si nwio )f
1
f3 R

6 fR (r+u )
R-- dr+ i pa 7 --11---C (CO S 2pSinw ' +si npcos8coSpCOSW 1)f f 7

". RH o o 1 3

R a uc (r+uc)
2

+ f us1 ( cos p
'co RH

w rd- o

R
cos8 - Si n8) Si npcosp)f3 7--

R (12
2-13)

6 dr- 7- f -- racospsi nf3(si npsi nw ' -co spcosw 'cos6) f if3 -R
'1. RH R

o o

R ( r+u
d

) w e
riml . , dr+ 3 f ((--coswi+ 2si nw 1)cospsi ni3)F (-1 si nw ) f

V o V o 1 R o 3 RRH co 3. R

R e
3 .

ii 1

. dr- 3 f ir (si npsi nw'l-cospsi nw Icosa) F ( f1 ITI'' si nw if
RH "co

o o 1 R 1 R o 3 R

R wo (r+u
d

) el dr+ 3 f (3 Si np - cospcosB)F f f1 --R-- si nwO)f3 T-RH co co

C14= 0
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R au w
e r

usZ
qm

° Si 118COSp COSPCOSB) "dRr

Rj

H
772 17

R
Rs drr ci s dr 3sinscospf2A Rf Run (-p2sinpsinwoifif-R--

--7Tr
RH

R (r+u
c

)
dr

+

4. R

f 1.62 7 si nBsi nwq'fif2

H

R
dr

+

q

f 1.62 RI Si flf3COSf3Si npcoswo'fif2 7-
RH

R au
dr

C21 =
.1°3

Raq

c

2
R

e
un cosw 'si nBcospf

1 17
RH

R w
3

R

dr- f A R cosw1(o si nocosp + cospcosa)f if2 -

4°' RH

R R
3 s e dr- f i2 Si nw'si nBcospf f

RH
R R 1 2 K

3
R

dr
+ f 4 c2(si npsi nwl-cospcosw 'o cose)f 1f2 -R

°03 RH R °

R Wt
e

e,, R
r

C
, , s

DJ
o R o 1 R

f cosw'
`'

m
2

si nw ' )f
dr

RH "-v

R ail w
e dr

(72. si necosp + 7 cospcosa) 7--
4. RH

r
R t'ic2 R

C22 =
dr

+ j usZ si nf3cospf -R
ico RH

R F
1 RHL2)si

Um2
dr

+ 3 f (R cosw'f - - Si nw 1)
R s o 2 R oR 2 o R oR
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6 f wo
Ks

2 2 2C dr
uS1 (sin a+sln pCOS f2f3

RH

6

q

r

" R R

s
si nscosa(1-si n2p)f2f3 Rr

R auc (r+u,) w
dr

ustRa 1( `" cos
2p

- (7-o CO - si ne.)si npcosp)f3

RH

6
R (r+u,) Re

" dr
+ f s npco f 2f3

gm RH

R( 10-13)

C23 = < - f ci[sinpcospcosecos2w0'
gee RH R2

+ si nw 'cosw 1(cos
2pCOS2

- si n
2p)]

f, 2f
dr
FT

R

[

(r+u ) Rs

d
cosw'cos

o
psi + si nw, coscos] f2cosw(')

.

+ 3
RI
H

m2
sinw,)f

dr
o 3

R e
wo

- 3R1 [v3 (si npsi nw01+cospsi nwocosa)F1-(7 si np

H

(r+ud) Rs
Irri2 dr

V
cospcos8)F21(7- f2cosw - si nw

o
)f

3 R
CO

C24 = 0
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R Wt e9 ( r+u )
3 f C

a
[ cosw c osp si ns

RH "co n co

o dr+ --R si nwocospsi nfi] f if3 -R--

rR t c r
n V

e
2

el
V r R

(Si npcosw +cospsi nw 'cosa)f 1f3
R
dr

RH m a co

R Wt
c

e2

((r
wo dr

RH
f 7T Ct R

cospsinf3 - -R-- si np) fif T-
H

a co

R W

4T1 f 1)2 -7c (si ncosw+cossi nwlcs)f f3 dr-R
RH co

R F
1

3 f (Rscoswo'f2 -
RH

(r+um)
sinw0)( cosw 'cospsina

w dr
+ si nwo'cospsi ne) f3 -R--

3 f
R

V

F
1 dr

cosw if -1:1 sinw') (sinpcoswl+cospsinw 'cosCf3
RH ca

s 2 d2 R

R G1

(r
+) wo

3 f v--(RscoswOf2- tjd2sinwO)( R"' cospsin8 - sinpj
Rr

RH ca

R ( r+um) w

3 5 N6( coswolcospsint3 + o sinwo'cospsin$
R

RH

dr
+ 1 (si npcosw +cospsi nw 'cosi3))f32 r
R ( r+um)

3 f H6( cospsi ne - rw° si np)
RH
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C34 = 0

C
41

= C
42

= C
43

= 0

where

N6 =

H6

(r+u
d

)

,

{
v

coswIcospsina +
V

o--sinw
o
cospsinalF/

e3 w (r+u
d

)

- --(sinpsinw(;+cospsinw(;cosa)F, +(vsinp - cospcosa)F2
V

(r+u
d
) w

v coswH
V

cospsina + sinwlcospsina)G
1

w
o

,

(r+ud)

sinpsinwci+ cospsinwcosa)G1+ (i7snp - cospcosa)G2
v.

C
G
= Slip rate



2
3

R

R

( r+u m)

Rf (N4)(. sin0cosw' + sinpsinacosw'

H

wo
, .,

r
2 dr

+ T- si nwosi npsi no)
4 K

3 dr
7 f (N4) iF (sinpsinwicosa - cospcoswi)f.,

2
Tr-

4

H

3
f (N5)(T (sinpcosocoswt;+sinw('cosp) +

( r+u m)

cos$cosw'
" RH

wo
2

+ -17 sinw(')cosa)f4
R

dr

3
R e

1
f (N5) 7- sinw

f2 dr7 oi 4 RRH

R

3

( r+u
m

)
.

w

+ f (H4) (S-' cos$ + slnpcosa + o T- cosp)f
4 R
dr

2 R R

H

R (r+um)
2 d

- f (H5)(t sinpsin$ + sinCf4
R

r

2

3
J

(r)Rum
+ (Ni)((N1)(7 sinficosw' + sinpsin$cosw'

q4 RH

+ s inw'sinpsin$) .7(
N

f4
d

R

r
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R e
1 rN d

+
3-

i f (Ni) ir (sinpsinw'cosa-cospcosw)
f40 o o R 4 R

q4 -H

(r+u
m

)

sinpcosa +
wo

K

rN

f4 R
dr3 t

+ j. f

R

(H1)(R- COS$ + -4 cosp).--

q4 RH

R

- 73 1.

(

k. 5 (N1)(-FT (sinpcosacoswl+sinw'cosp)+ cosacosw'

q
4

RH
o

)

o

+
0

w r

sinwocosa).-7-N
K f4 R

dr
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e
3 r

+ k f
R

(Ni) sinw 'sins f dr
2 R

l
o IT

N

4 R
q4 H

(r+um)
sins) f4 R

dr3 2. sinpsino ++ 7 k f
R (H1) (Fsins) T

K
.:

R

q4 RH

Stiffness coefficient matrix of the rotor

R
3 2

2
2 2 2 2 2 dr- " f usz ---py COSW(13 (Si n 8+sin pCOS $)fi -R

R"

3 rIR 2(e 2 2
e. n2 psi-11-) (cos +Si n psi n 8)f2 dr

lq Rj

6 e 2 2 dr- pa
2 (7) si npcos 2

pCOS(3Si nw icoswo if,
'ice RH

R

- f pa4(r)`cos`psi n2wo'ff ;Ls
9ce RH

R

o
w 2 dr

+ 7,
3-- f 2

T-z si nocoso(1-si n 2p)f1 7
'1. RH

3

9°'

f R 2 e
Tr

(r+uc) 2 dr
+ sinpcospsinf3f1

RH

3 R
a

2 2 auc 2 dr- f p cos p(7,--)
'1 RH dc 11

2
R (r+u,) 1 w,

e
a uc_clr

kll 4 ^ f Ua ( '-. CO S c'p .-1Si rIpCOSpC0Sf3+ tillpCOSpSi n6)
Raci4 l<9*2 RH

1

R 02-13) 2 2 dr
- f a (sinpsinw:)-cospcoswo'cosa) f1 7--

'1. RH

R (I2-I..,)
s 22 ,42,42 dr ,. 3 rR GJ .F,2 dr- - f 7-- if loVJ P3111 pli ir , j zr li Tr-

i . RH IR" R gee RH R

R e3 el
"Iml . ,..- dr

- 3 f .T F2(si npcosw'o+cospsi nwo'cos8)(7 f1 si nw op-1 R
RH

H c°



au
s2R d

e

- 3 f
R

v () (-coswo'cospsin8 F1+ cospcoso F2)(7.l f1
RH '11

1.1m1 . dr R el dr7- -
RH 4

nw1) 3 f F
o

R Si nw10)

R ariml dr R el 2 dr
D

+3 N sinw ' +3 f
H flo o , o

RH

k
12

= k
12a

+ k
12b

k
12a

= <

3 2
f us22 (7) ( s i rlf3COSBSi nwg 1-s i n

2p -Si r1pCOSpSi nBcosw(;)f
RH

R R3 s- f usl
2 e (coswgsi n 2B+si n 2

pCOS
28)

RH

+ si npcospcosBsi nw0')flf2 dr

3 r e
R

2
wo

2 2 2

Rj
pa 7-- (si nw (si n 8+si n pCOS f3)

- si npcospcosacosw0')fif, dr
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, dr
2 7--

3 2 e (r+uR

- f
c)

(si npcospcosf3si nw-cos
2pcosw0)f

dr

slco RH

R a
2

uc (r+uc) w

I US/ 17COS P cosy - Si n8)si npcoss) dr--
CO RH 1 2

R 3Lic 3Uc
2 dr

q f Raq
1

Raq
2

cos p
oz. RH

3 2--R (12-13) dr- f cospsi ns(si npcosw01+ cospsi nwocoss)f
-ice RH
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k
12b

R

+ 3 f
RH

R

3 f

1
. drnwoj R

R

j

RH

dr
c o s w f T -

(N7) (Tc f -

. ml dr
N si nw' +o Raq2 o R

where

N7 =

(r+u i((si npcosw
o v
+cospsi nw 'o cosa) (1-a )f - ,

d
si nwocospsi nof

and+ CiR coswicospsina FT
)c
p 1V

l 2

Qwo
(tIR

Rs

si nwo'cospsi ne,f + cosw 'cospsi nfif '
L V R 2

ne
+ 3 (sinpsinwi-cospcoswIcosCf2)FiV

CO

aR
Rs u auri

+ sinpf cospcos8)F
22 V. Raq

2

2 c
No = [ (7We) Cni evaluated at nominal value

CO

W

Ho

e)

c evaluated at nominal value

k
13

= k
14

= 0

k21 = k
12a

+ k21b
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R
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H
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dr1711112 sinwil
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=
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+ 3 1

R R 1.1
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Forcing function vector
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where T
G

= generator torque at nominal speed
0

n
G

= gear box ratio

G
04

0

Yaw moment due to tower shadow
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where M is the yaw moment in the tower shadow sector normalized by

dynamic pressure.

Note: the computer codes in this dissertation will calculate CQO

instead of My, where CQO = - M 3
y
/ {-27 (2514)}.
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Summary of symbols used in this section

u
c

= blade's radial displacement at center of mass

u
d

= blade's radial displacement at mid-chord

u
m

= blade's radial displacement at 1/4 blade chord

au

;
n

-
at

au
; - evaluated at nominal value

aqi

where

n = c,d,n

i = 1,2,3,4

e = distance from mass center to shear center of blade cross
section

el = distance from 1/4 blade chord to shear center of blade cross

section

e2 = distance from 3/4 blade chord to shear center of blade cross

section

e3 = distance from mid blade chord to shear center of blade cross

section

= blade's mass per unit length

m c
-o ) n R

We
,

= (:14 r c
Ho

Lv )

evaluated at nominal values

evaluated at nominal values

N1 = (sinpsinw()-cospcosw(1coso)F1 - cospsin$F2

N2 = cosw'sineF
1
-cos8F

2

N3 = (cospsinw+sinpcoswcos3)F1 +sinpsin0F2
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The expressions for H1, H2, H3, H4, H5, H6, and H7 are the same as N1,

N2, N3, N4, N5, N6, and N7, respectively, except F1 and F2 in Ni terms

are replaced by G1 and G2 in Hi terms.
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APPENDIX V

YAW STIFFNEST COEFFICIENT

V.1 Yaw Stiffness Coefficient

The expression for the yaw stiffness coefficient can be expressed

into three terms according to the sine of the coning angle. They are

where

k =
44

o

k
44

= k44 + k
44

sinp + k
44

sin
2
p

0 1 2

R
,2 dr 3

f
37 I (N2)(LL1)r

4 R 2
- j cospsinw1F (LL2)f2 dr

0 1 R
' R

H
R
H

R w

"y

3 .2,
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2-cosp)f

2

4 R
dr

" R
H

R

3
(r+um)
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I cospsinwo G

1 R 4 R

R

44 R

rN dr3 .

(N8)COSp(LL1)w-
K f4 R

R
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N

f4 R
dr

7 (14 RH
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N2 = cosw'sin$F
1

- cos$F
2

N8 = cosw'o cos$F
1
+ sin$F

2

H2 = cosw'o sin0G
1

- cos$G
2

H8 = cosw'o cos$G
1
+ sin$G

2

RLL1 = T sinacosw3 - ff
1
coswcosp

(r+u ) w el

LL2 = t- cospsinWo + --T -T cosacosw(1) + esinw(1)cos$ - esinvq)sin$

(r+u
m

-P

) w e

LL3 = sin0coswl + sinosinw' +
e1

LL3
R o R o R o

V.2 In-Plane Force and Out-of-Plane Force

The in-plane force is referred to the force tangential to the rotor

plane and the out-of-plane force is referred to the force normal to the

rotor plane. The yaw stiffness coefficient developed in this disserta-

tion is based on the forces and moments in the airfoil's coordinates.

However, the components of the force in the airfoil's coordinates can be

related to the components of the force in the rotor's coordinates by

where

= G
A
n
x

+ G
B
7+1

F
D

= F
D
-ri

z

G
A

= Ncosw'sin$ + Hcos$

= -N(cospsinw' + sinpcosw'cos$) + Hsinpsin$
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F
D

= N(-sinpsinw' + cospcosw'cosa) - Hcospsin8

Here N and H are the forces expressed in the airfoil's coordinates:

normal to and tangential to the chord line. GD and FD are the in-plane

force and the out-of-plane force, respectively. nx, nx, and nz are

the unit vectors in the coordinate system defined in Appendix I.

The expression for the yaw stiffness coefficient can be rewritten

in terms of the in-plane force and the out-of-plane force using Eqs.

(2) and (3). Let us consider a simple case: a rotor with no conning

angle, no variation of the axial induction factor with yaw, no offset

distance from the shear center (e1=0), and no explicit contribution

from the flapwise deflection. The expression for the yaw stiffness

coefficient becomes

3 2 2 dr ,3 r
R

r c2 dr
k44 =

2
RH

G
T

f
17'4 R 2

R
R

(4)

where

GT = {(cosw'osinaFi - cosaF2)coswlosina +(coswslosinaGi - cosaG2)cosal

{(sinw'F
1
)sinw'}

F
A

= {(sinwji)coswcosa - (sinw(1302)sina)

Here GT is a component of the in-plane force coefficient and FA is a

component of the out-of-plane force coefficient.
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APPENDIX VI

COMPUTER CODES

Two FORTRAN computer programs, PROP code and AERO code, are

developed to handle the numerical values of the coefficients of the

equations of motion. The AERO code uses a simplified lift and drag

curve for a four-degree-of-freedom system while the PROP code uses an

actual lift curve and only emphasizes on the yaw equation. Both codes

will calculate the axial induction factor along the blade at a particu-

lar tip speed ratio. At the same time, they also calculate the integral

terms for the variations of the axial induction factor with yaw and yaw

rate. Finally, the codes calculate the coefficients in the equations of

motion ( mass, damping, stiffness coefficients, and forcing function ).

VI.1 PROP Code

The PROP code in this dissertation is a modified version of the

original PROP code developed by Wilson [21]. The original PROP code

uses the modified strip theory solving for the axial induction factor,

thrust coefficient, and power coefficient. Besides these features from

the original code, the new PROP code also has the following features:

1) it is written in the FORTRAN V computer program language.

2) it uses the Glauert relationship [4] instead of the momentum

theory to calculate the axial induction factor when its value

exceeds the critical value.

3) it calculates the variations of the axial induction factor

with yaw and yaw rate.

4) it uses the iteration method to calculate the static flapwise
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deflection.

5) it calculates the coefficients of the equation of motion in

yaw.

Input Data

The input data for the program consists of two parts. The first

part of the data is stored in a computer data file (Tape 60). The

second part of the data is inputed to the program through the terminal.

The parameters to be inputed in a data file are

R radius of blade, ft

HB hub radius, ft

DR incremental percentage (percent of radius for integra-

tion incremental)

THETP pitch angle, degrees

B number of blades

H altitude of hub above sea level, ft

HH altitude of hub above ground level, ft

GO tip loss model controller

0 Prandtl

1 Goldstein
2 no tip loss model
3 Mostab tip loss model

HL hub loss model controller

0 none
1 Prandtl

APP angular interference model code

0 angular interference factor calculated
1 angular interference factor set equal to 0

XETA velocity power law exponent
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TH blade maximum thickness/chord

ALO angle of attack for zero lift, degrees

AMOD axial interference model code

0 standard
1 Wilson

NF number of input stations for blade geometry

NFS number of data points on lift and drag curve

NPROF NACA profile or profile subroutine

4415 NACA 4415
0012 NACA 0012
8888 data inserted in tabular form
9999 NACA 64

4
-421

RR(I) percent radius for stations

CI(I) chord for stations, ft

THIT(I) twist angle for stations, degrees

AAT(I) angle of attack, degrees

CLT(I) coefficient of lift data

CDT(I) coefficient of drag data

The parameters to be inputed through the terminal are pitch angle

(degrees), tip speed ratio: minimum, maximum, and increment, rotor speed

(rad/sec), conning angle (degrees), blade shear center position given as

the ratio of the distance from the blade leading edge to the shear cen-

ter and blade chord (esc), position of center of mass for the blade

cross section given as the ratio of the blade leading edge to center of

mass and blade chord (xcg), location of the yaw axis (YL, ft), modulus

of elasticity (AE, psi), and modulus of shear (AG, psi).
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Output

The output for the program is on a tape file entitled TAPE 61. On

this file are written both the program operating conditions and program

output. The following are the output quantities:

PCCR local distance on the blade, r/R

A axial induction factor

CL lift coefficient

CD drag coefficient

PHI summation of angle of attack and twist angle, a +

ALPHA angle of attack, degrees

F tip loss factor

RE NO Reynolds number

CT thrust coefficient for a rigid rotor

CP power coefficient for a rigid rotor

QS non-dimensional static tip deflection (final value

after the iterations)

The coefficients of the equation of motion in yaw are

ZMDD mass coefficient

ZCDD damping coefficient

ZKDD stiffness coefficient

CQO yaw moment coefficient due to the tower shadow per

unit shadow width

SKDEL coefficient accounting for the variation of the axial

induction factor with yaw, k

SJDEL coefficient accounting for the variation of the axial

induction factor with yaw, jy
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SKRDEL coefficient accounting for the variation of the axial

induction factor with yaw rate, k.

SJRDEL coefficient accounting for the variation of the axial

induction factor with yaw rate, j,;,

CPAA power coefficient for a rotor with flexible blades

(accounting for the flapwise deflection effect)

Given the values of the shadow width and the velocity deficit,

the yaw forcing function can be obtained from the relation

where

G
04 2{CQ01x (SF)

2
COOlx } 2 sing

2

X = width of the shadow sector (degrees)

number of blades

SF = correction factor due to non-dimensionalized value at

different tip speed values f =1-(%velocity deficit) /100}

x
1

= tip speed ratio considered

x
2

tip speed ratio of the shadow sector : x2 = (SF)x1

VI.2 AERO Code

The AERO code uses a simplified lift and drag curves to calculate

the aerodynamic loads. The lift curve is approximated and can be des-

cribed in a simple yet fairly accurate form by six parameterS.. The

curve consists of four straight line segments as follows:

C
L

27msin(a+a
o

) a < a
CL

max

C
L

= C
L
max

aC < a < aBR
max

C
L

C a
BR

< a < a
stallL

fl at
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sin(i - a)

CL CLflat sin(2 - a )

a > a
stall

-stall'

The six parameters are

- lift curve slope divided by 27

0
- zero lift angle of attack

a
CL

- maximum lift coefficient

aBR
max

- angle at which C
L

drops to C,
"flat

CL - an approximate to the average CL on the far side of the
L
flat

C
L

curve, this can be adjusted up and down depending upon

the characteristics of the airfoil

astall - angle at which C
L
begin to decrease

The drag coefficient curve is also in multiple sections. Below

a , the drag is given by the following:
C
L
max

C
D

= C D(1 + C ( a )n)

o

Ca
a
CL

max

where Ca, n. and C
D

are constants determined by the airfoil character-

0

istics. If a > a the drag coefficient can be represented by a
CL
max

single curve fit or a series of curve fits.

The axial induction factor "a" is calculated by equating momentum

flux to blade force. There are six possible intersections of blade

force and momentum relations due to two regions on momentum relations

and three regions on blade force. Two-regions on momentum relations

are the region of parabolic curve when
"a" "acritical"

and the

straight line when "a"
> "acritical

". Three regions on blade force are

the linear slope curve where the angle of attack is less than the angle

at the maximum lift force, the flat part of lift curve (C, an
Lmax

d
CL flat)'

and the lift curve in the stall region. Once the particular region is
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identified, the solution is a straightforward procedure of finding

where the momentum and blade element curves intersect. These inter-

sections of blade force and momentum relations are shown in Figure V.1.

A subroutine and two functions are developed to handle the inner

integral term of the double integration. The inner integral terms are

terms involving the derivative of flapwise deflection (radial displace-

ment and its derivative). The composite Simpson's rule method is used

for the numerical integrations in the code.

Input Data

The input data for the program consists of the physical character-

istics of the wind turbine itself. They consist of physical airfoil

data and operation variables. The physical airfoil data and operation

variables are

BCRR chord to radius ratio at blade root (Bc/R)

B number of blades

EM slope of linear portion of lift curve/2w

DRR dr/R

XMIN tip speed ratio to start program

XMAX last tip speed ratio - used to end the program

DBX the increment of tip speed ratio

CD ZERO minimum lift coefficient

CL FLAT lift coefficient on the horizontal portion of the

lift curve

CL MAX maximum lift coefficient

ALPHA BREAK angle of attack where the lift curve changes values,

from the maximum value to CL FLAT, degrees
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case 2
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a

Figure V.1 Regions of operation for momentum calculations.

1.



ALO angle of attack at zero lift, degrees

AST stall angle of attack, degrees

SI coning angle, degrees

PITCH prepitch angle, degrees

BETA ROOT pretwist angle at blade root, degrees

DBETA (aroot - $tip); twist angle change, degrees

RT local radius at twist angle change from linear to

169

constant twist

DCND (c/R at chord change - c/R at tip), chord change

ratio

RC local radius at chord change from linear taper to

constant chord

RH hub radius

ESC blade shear center position given as the ratio of the

distance from the blade leading edge to the shear

center and blade chord (e
s
/c)

XCG position of blade cross-section's center of mass

given as the ratio of distance from blade leading

edge to center of mass and blade chord (xcg/c)

E modulus of elasticity, psi

G modulus of shear, psi

OMEGA rotor speed, rad/sec

RHO air density, slug/ft3

YL distance from the nacelle yaw axis to the center of

the rotor, ft

R blade tip radius, ft

M number of integration steps in subroutine
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Output

The output for the program is on a tape file entitled TAPE 1. On

this file are written both the program operating conditions and program

output. The following are the output quantities:

QS nondimensional static tip deflection

CP power coefficient

CT thrust coefficient

Mnn rotor mass coefficient where nn is the indication of

which variables it represents

Cnn rotor damping coefficient

Knn rotor stiffness coefficient

HP rotor forcing function of pitch equation

HF rotor forcing function of flap equation

SKDEL coefficient accounting for the variation of the axial

induction factor with yaw, ky

SJDEL coefficient accounting for the variation of the axial

induction factor with yaw, ji

SKRDEL coefficient accounting for the variation of the axial

induction factor with yaw rate, k.

SJRDEL coefficient accounting for the variation of the axial

induction factor with yaw rate, j71,

For nn parameters

P generalized coordinate in pitch

F generalized coordinate in flap

0 generalized coordinate in speed

generalized coordinate in yaw
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If the code is not suppressed, additional output quantities are printed

on the output list. They are as follows:

PCR local distance on the blade, r/R

A axial induction factor

PHI summation of angle of attack and pretwist angle

BETA pretwist angle

ALPHA angle of attack

CL lift coefficient

CD drag coefficient

BCR local chord to radius ratio, Bc/R

CPB power coefficient

CTB thrust coefficient

For the tower shadow part in yaw equations, the additional quantities on

the output list are:

SMnn mass coefficient in shadow region per unit shadow

width/(B/2w)

GCnn damping coefficient in shadow region per unit shadow

width/(B/2w)

5Knn stiffness coefficient in shadow region per unit

shadow width/(B/2w)

CQO forcing function per unit shadow width generated from

the shadow /(B /2n)

The quantities from the tower shadow effect will be calculated when the

magnitude of the velocity deficit is given. For example, if the veloci-

ty deficit value is 50%, the forcing function at tip speed ratio of 2

due to tower shadow is given as
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27r [C"Ix=2
(SF)

2
CO 01

x.4
]2 sin

2

where j = width of the shadow segment (degree)

B = number of blades

x = tip speed ratio

SF = correction factor due to nondimensionalized value at

different tip speed value [= 1 - (% velocity deficit)/100]

For the gravity effect, the gravity forces on the pitch equation for a

single blade are listed as the components of sine and cosine of the

azimuth angle.

GNCOS Cosine component of the forcing function due to

gravity

GNSIN Sine component of the forcing function due to gravity

GPCUS Cosine component of the k11 of a single blade due to

gravity

GPSIN Sine componet of the k11 of the single blade due to

gravity

GFCOS Cosine component of the k12 of a single blade due to

gravity

GFSIN Sine component of the k12 of a single blade due to

gravity

GOCOS Cosine component of the k13 of single blade due to

gravity

GOSIN Sine component of the k13 of a single blade due to

gravity
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The properties of the blade and shear center position are also listed in

the output

ER

El

E2

E3

AE

AG

el

R

e
2

R
e
3

R

Modulus of elasticity, psi

Shear modulus of rigidity, psi

The integration step sizes are shown as

N

Note

Number of integration step sizes used in the main

program

Number of integration step sizes used in subroutine

(double integral)

The code does not calculate some of the terms in the expression of

the coefficient of rotor equations of motion. These terms have to be

calculated by hand then added to the results of the computer code.

These terms are

C
G

in C33 G
T
G

in G
03

o

q 1 22
q (LT H -", GTIG) 1

In m3333
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VI.3 Sample Cases

The Grumman WS33 and the Enertech 1500 are used as test cases.

The physical characteristics of both rotors are needed as inputs.

Some simplifications of these data must be made to use in the computer

codes. Some parameters for the simplification schemes are presented

in this chapter.

AERO Code

With the lift curve defined in Appendix VI.2, the lift curve's

parameters of the Grumman WS33 and the Enertech 1500 are given as

for the Grumman WS33

C
L
max

C
L
flat

aL
o

aBR

astall

for the Enertech 1500

CL =

max
CL
Lfl at

aL
o

aBR

astall

1.0

1.08

1.08

1.1°

20°

50°

0.89

1.35

1.0

4.2°

15°

45°
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The drag curves of the Grumman WS33 and the Enertech 1500 can be

approximated in a series of curve fits. These curve fits are shown as

follows:

for the Grumman WS33

CD = CD ( 1 + 30(a - ad)
2

) a < al
0

C
D

= 1.585 C
D

+ 0.6(a - al) al<a<a2
0

C
D

= 0.06715 + 2.3(a - a2) a2<a<a3

C
D

7r

= 5 sin
2
a

4/ + sina a3<a<a4

C
D

= 4.5 sin
2
a a4<a

4/7r + sina

where
C
D

= 0.0132

a.'S are given in radians; By converting radians into degrees,

the values of ails are given as follows: ad = 2°, al = 10°,

a2 = 14°, a3 = 20°, and a4 = 28° .

for the Enertech 1500

where

C
D

= C
D

( 1 + 53.81a
2

) ciz12°

0

C
D

= 3.36 C
D

+ (tana - tan12°) 12°<a<15°

0

C
D

= 2.439 C (tana)
2.15 15°<a<a2

Lflat
C
D

= C
Lflat

tana a2 <a"/4

sin
2
a

CD = CD2
1 + sina

C
D

= 0.014

C
D2

= 3.4142

a2 = arctan {(41 ).87}

Lflat
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For the AERO code, the combination of the effective radius and

Prandtl method is used for the calculation of tip loss factor.

The effective radius is given by

and

R
eff B2 /3x 1/2

B
2/3

x + 1.32

R
eff B

2/3
x 1/2

R '

8
2/3

x + 0.44

for x < 3

which was obtained from an empirical relation which expressed the

maximum power coefficient of wind turbines.

The tip loss factor is expressed as

where

2
arc cos (ef)

ef = {cos(0
77 (1 - r/R)/(1 - Reff/R)

t--)1

PROP Code

PROP code uses the actual lift and drag curves of the blade

section to calculate the aerodynamic loads. The airfoil sectional

data of the NACA 64
4
-421 in a reverse position are needed for

analyzing the Grumman WS33 in a reverse position. Unfortunately,

these data are not available. But by studying the behavior and trend

of the aerodynamic characteristics of airfoil sections through

360 - degree angle of attack from references 9, 17, and 18, the lift

and drag curves of the reverse NACA 644-421 can be expressed as



CL = 6.6463(a - ao)

C
L

= .020255 + 11.9705a - 54.761a
2
+ 136.055a

3

-144.5923 a
4

- 13.2926a
0

C
L

= 187.3277 - 2335.2577a + 10915.946a
2

- 22521.2787a
3
+ 17287.811a

4
- 13.2926a

0

CL = 1.89 4si/7
n2

+ 0.0252
+
a

sina

for drag curve

CD = C
D

(1 + 20a
2

)

0

C
D

= 0.0225 + 0.6517(a - a4)

C
D

= 0.068 + 2.2164(a - a5)

a
C
D

= 3.78
4/11. +

i
2

sina
+ 0.0252
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a < a1

al< a < a2

a2< a < a3

a > a3

a < a4

a4 a < a5

a5< a < a6

a > a6

Here a.'s are angles of attack in radians measured from the reverse

side of the airfoil (i.e., negative angle of attack of the conventional

airfoil). By converting radians into degrees, the values of i's are

as follows: al = 4°, a2 = 17.7°, a3 = 20°, a4 = 10°, a5= 14°, and

a6 = 20°.

VI.4 Computer Listings

The listings of the PROP code, the PROP code's output, the AERO

code, and the AERO code's output are given as follows:



FROGRAN PROPIINFOTOUIPUT,TARL64.14.E/10
2

VERSION MARCH 1983 3

5

MAIN PREGRAN 6

C

C
C
3

....APP -- ANGULAR INTEHFEREN;E 103K3UT
0 ANGULAR INTERFERENCE FACTOR CALCULATED
1 ANGULAR INTERFERENCE FACTOR SET EQUAL TO 4

62
61
64
64

C PROP CALCULATES THE THEORETICAL PERFORMANCE PARAMETERS Of A S.
C 66

3 PROPELLER TAPE WIND tURRINE. IT UTILIZES A SIMPSONtS..RULE 6 C ....HRIIIPER3ENT RADIUS FOR STATIONS 67

C METHOD / THREE PASS TECHNIQUE OF NUMERICAL INTEGRATION. 9 64

II

DIMENSION RR12511, C112516 THEMES., AMMO, CLI4251. C01425$ ER

3

3

....CHITCHORD FOR STATIONS - FT 69
70

DIMENSION STA1144101X1110411,ALPN11001,F91611001
5 ...TRUITTTWIST ANGLE FOR STATIONS 0.3REES FE

COMMON RilDR410001.X.THEIR.AHOD.H.S/40.0MEGA.RHO.VIS.HL.P1RX.W. 12 3 72

ENPROF,APP.A1.72.13144.T5146147.14.TEST.WEII.HH.4LO,AC 13
i

....1H-MAX THICKNESS/CHCRO RATIO 73

COMMON XCGASCO1E.AG
74

COMMON RR.CIONETIIINF
C ....ALOANGLE OF ATTACK FOR 2E43 LIFT DEGREES TS

14 76

INPUT PARANETERSI
15 3 ....ELEM....COE,. OF LIFT DATA 77

16 C
.

74

....ARADIUS OF PIA DE - FT IT C ....001111COEF. OF DRAG DATA 79

11 3 99

C ....MU- -HUB RADIUS FT 19 C ANGLE OF ATTACK DE;REES 41

20 C 92

....0e--IML4EmEmIAL PERCENTAGE 21 C 43

22 C READ INPUT DATA.. 84

....THEIRPITCH ANGLE - DEGREES 23 C 85

24 REA016439)RORDNET.O.H.HP

C ....O -- HUNKER OF @LADES 25 RE40460034160NL0APP.XETA.TH.6L814430
26 REA01601041INFOFS.NPROF

C ..4.--WIND VELOCITY - MPH 27 READ160.1011RRIII.C1111,THETTITI.1.10F1
28 IF INPROF.NE.88881 GO TO I A 92

C ..,.k ETA- -VELOCITY POWER LAW EXPONENT 29 RE40160.491 I 114L1411401111.1.1.NEST
34 I CONTINUE A 95

....OMEGA -- ANGULAR VELOCITY OF PROP RPN 31 PI 34415926536 A 96

C
32 PRINT 53

3 INTERFERENCE MODEL 100E 13 READ.OMETP

C 0 -- STANDARD 3% PRINT 54

3 1 -- WILSON IT READ°11XMINOLMAX.DX

C
36 PRINT 55

C ....M -- ALTITUDE OF NUR ABOVE SEA LEVEL Ft TT READ'ONEGA
38 PRINT 54

C ....NH -- ALTITUDE OF HUB MOVE GROUND LEVEL FT 39 READ.41
48 PRINT TI

3 ....DI -- CONING ANGLE DEGREES 44 REAOIESCIPX;GOL

C
42 PRINT 59

C ....NF-- NUMBER OF INPUTED STATIONS FOR @LADE GEOMETRY 4$ REAO.,AE,AG

C
44

....NPROF--NACA PPOFILE OR PROFILE SUBROUTINE 4$ IL.YL/R

C 4415 NAGA 4415 46 XXMIN

0012 -- NACA 0012 47 V.R.ONEGOVX

C 8888 -- DATA INSERTED IN FARULAR FORM 41 A 90

C 9999 -- PROFILE CURVEFIT TO RE USED TN NACAXX 49 C PRINTINPUT AND TITLES FOR OUTPUT A 99

SO C A 100

C ....GO - -TIP LOSS MODEL CONTROLLER
51 CALL TITLES IRR41140ETI.NF.SOLDI A 10/

I RRAMOIL 52 R110..00237691995E4P1-.797N210u00.1

C 1 GOLDSTEIN SI
A 102

C 2 NO TIP LOSS MODEL S4
INITIALIZATION AND CONSTANT PARAMETER CALCULATIONS A 141

3 MOSTAR TIP MODEL 65 C A 104

S6
500 w . 200. A 105

C ....ML - -HUT LOSS MODEL CONTROLLER 57 I=Il

C 0 NONE $ d TUOS.TRITS.0.

C I PRALOIL S9 DRI.DR

C 60 1101 . -t A 106

C ....80-MOSTA0 TIP LOSS MODEL PARAMETER RI AI . 0.0 A 113
TO . 8.0 A 144



C

2

3

A
0800
AMYX = 0.0 A

U05.305=0. A
OX = 0.0
AC=.38
IX = 0.0

A

FXX01 = 0.0 A

FIXP1 . 0.0 A

01 0.0
A

fy = 0.0
A

PY = 0.0
A

%MU = 8.0
A

0000 . 0.0
A

AMP 2.0
A
A

A . 1.0
AP = 0.0

A

CONTROL = 3.0 A

FX6 = O.
F.O.
SI = 51.1,180.

A

REF.R.COSISII
INEIF THEIPP1/180. A

AL0=AL0PI/100.
ALP4A=-1110
RHO 0.0023761199EXPI.-0.29711/10000.1
VIS = 0.0000003719,-0.000000002041171000.
NN.IR-081/111°0R111.
RX = R
RL8 = 11.-.11R19X
DP = 1RX-RIBI0SISII
DRO OR
R = RCOSISII
NO 114C05ISIO
RL R

..... THREE PASS NUMERICAL INIETRATION FROM TIP TO NUB

CAI = 1.
IF IGO.E0.2.1 CAT 2.
CUR = 1.
IF 140.10.34 CLFA 0.0
IF 160.11.2.1 GO TO 2
CALL SEARCHIRLAR.CItINETIgNigGgfNEf.SM00E1
LOLL CALC IRL.:1THET.FXXPIOTXPI.X5XX.XITX.OXoTXtREePHIRCL.00.CX.
$00,A.AP.XL.AK.ALPNA.F.CLFA.CAT.AATeall.00I.NFS.501.DON.SMODE.U0S.
$0051 .

STAIII.RUR
AXIIII.A
ALPNIII.ALPNA
FOIGIII=F
A . 0.0
CAT 0.0
DO 0 1..1.11N
TIP.4.

IF IIRL-1101.61.0R1 GO TO 3
AMP . ASI01.11.
IF 1AST0P.GE.2.1 GO TO 9
DR 1111..-NO1

IF 160.11.3.1 GO TO 5
IF ICONtROL.10.8.01 GO TO S
IIP = RL -0P
IF ITIPAT.REF1 GO TO 4
IF 1CONTROL.20.2.1 GO /0 5

115
116

117

110
119
120
121
122
123
124
125
126
127
120
129

131

133

135
136

139
140
141
142
143
144
149
146
147
14$
149
150
191
152
653

1S5

A 157
A 150
4 159

A 1E0
A 161
A 162
A 163
A 164
A 165
A 166
A 16?
A 160

4
5

6
r

UN = 141 -RLF1
CLIO (PEI-UPI/ANL-1M
CLF .5CLTO
:1.11TROL 1.
GO TO S
CLF 0.0
0112 0812.
016 . 011/16.COSIS110
0,016.19164RX
RL RL -OR2
IF 1COUTROL.10.0.01 CLF I.

IF 1CONtROL.E0.2.01 CLF ICLF0.1.1 /2.
AK . 1.

CALL SEARCNIRLA4.C1*INETIgNF.C.1112106400E1
CALL CALC IRL.CINET.FXXP2.FTXPIL.X11XXPI.XMIXPLOI0P1.TXPleRE.

S 21.16,2L.Co,cr.cr.6.1p0m....111,64.F.cir.261.661.a.T.201.621.
$ 501.0.111,58002110051,00511

R./.1
STAIKI.RL,R
AXIIKI.A
ALPHIKI=ALPNA
FOIGIK1.F
RL RL -D12 A

If 1CONIROL.10.0.01 CLF . 1.

IF ICONIR01.20.2.01 CLF 1.0
AK 0.8

CALL SEARCHIRL.FReCIONETIINF.C.INET.SMOOEI
CALL CALC IRL.C.INETOTXT.FTI.XNXXP.XNIXPDXP.TXP.RE.PHIReCLICD.

0 CX.CV.A0AP.X1..AK.ALPHA.F.CLF.CATIoAAT.CLI.0010NFS.S010.14SMOOE.
$ W52.00521

KK=1011
SIATICKI.R1fR
AXIIKK1.A
111.PNIKKIALPNA
FNIGIKKI.F
1.001
FX6 FX6.0161FXXP1.4.FXXP2IFX111
11TX 016.1QX14.O1PI.OXPI
Or 01,10110

TO I01026.1TX.4..TXPI.TXP/
Plf PI.OMEGAOIX
1U0S.ITUCIS101106.1U0S.4.UT/51.03521
1805.11105400R6190514..8051.110521
XNXT XMXVI0T61011XX.4.XNXXP11111XXPO
ONTO X4,100161XMVX.4.X111XPIOXI1xPI
IF ICONIROL.E0.2.1 CONTROL . 0.0
IF 1CONTROL.E0.0.01 GO TO 6
IF IIRI...f/PI.E0.0.01 GO TO 6
IF ICONIROL.10.1.1 OR . REF -TIP
1r ICONIR01.10./.1 CONTROL = 2.
SO TO 7
00 a ORO
CONTINUE
OX = OXP
IX TOP
011X1 = (HOOP
ONYX XMIAP
FAXPIIXT
U0S.U0S2
OUS.01162
CT/ TY/1.5RNOV21.1RX21
CPT PV/1.5PNU113P1RX2)
IP PY/737.6

169
170
171
172
173
174
175
176

177
178
179
180

182
183

185
0 116
A 188
A 199

A 191

0 193
A 194
A 195
A 196

4 197
A 190
A 199
A 200,
A 201
A 202
A 203
A 204
A 205
A 206
A 207
A 200
A 209
A 210

A 211
A 212
A 213



PHI° = pHIR.188./P1 A 214 52 FORMAI 1/61H TORQUE VARIATION 61/E TO SHEAR SECOND DERIVATIVE 2 .11 112

ALPHA = ALPHI2180./PI
A 215 1715.41 A 133

PR 2 RUIRX.COSIS111 A 216 53 FORIAITYELEIYPI INPUT SECI10111/114PUT PIT:11 ANGLE.)

A 217 54 FORMAT). TIP SPEED RATIOS IRINI.IMAXI.IINCTEMENTI./

C PRINT OUTPUT A 2IA 55 FORMATI.ROIUR RAD PER SEC')

C
A 219 56 FORMAIIIKONING ANGLE')

PCCR2WL/IRX.COSISIII
S? FORMATIWOIXOPECA.,6500.50 .A?..SAOCA.$611..0000Astifil..

WRIT1161.141PCCR.A.AP.CLICO.PHIU.ALPHA.F.RE.CIT.CPT
141..ALPHAY.50.4106MORE NO2.04.2C12.84.1C2.1

8 CONTINUE
A 240 58 F041411 17 INPUT tsc.xcc.rt 1

9 HP . TP21.3410
4 241 59 fORMAII. INPUT AE,AG 1

WRITE 161.331
A 242 73 FORNAIII1o IN NORMALIZED STATIC TIP OEFLECtION IS t.G13.61

WRIIE 161.361 CPT
A 245 74 FORMAT( /.' OS .413.6.340PREVIOUS OS 2 1.613.6010 NO OF

OS.INCIS/TDCIS
WRITE161.731 OS

if
S 11E62110N 15 .131
fORMAII/s7A01600..1150ZCDO,oll?..f100',11X0C00./.2A.616/3.6.251

C
A 246 11

PISTIL 117 71P1.111.°511
A 241 79 FORMA11/.700 SKDELY.IIMOSJOELY.1140SKRDEL..110.2SIRDEL2/.24.

PIESIEL = 18.474PI.R02261
A SYS $41613.6.2311

OCP = 13E14.M.R1222/11412PH0124META.PISTEL.IXETAI.I.PIESTEL128/4.
A 249 80 FORM/11/.1140 CPAA 2 '.113.6)

CPAV = CPT.DCP
A 250 Ol FORMAT( /.71.' TANGENTIAL FORCE PER BLADE IN ROTOR PLANE ..0.3.51

WRITE 161.371 CPAS
A 251

WRITE 16108/ cur
A 252 ENO 314..

WRITE 161.511 PISTIL
A 269

WRITE 161852/ PI2STEL
A 2.111 SUBROUTINE TITLES IRR.CIONEtleNF.SOLDI

WRITE161.011 756
2

CALL ITERA1113S.ALFM.AXI.STA.POS001.1(11
C TITLES PRINTS GUT INPUT DATA ON A DESCRIPTIVE 3'

WRITE161041 CIS.POS0KL
C FORM. AND PRINTS OESCRIPIIONS OF SYMBOLS/IITLES FCR OUTPUT.

CALL YARIOS.ALPH.AXI.STA.FBIG.MITOLgSKDEL,SJOEL.SKROEL.S.IRDEL.
C

5

12M00.1CD13.2KOD.000,240102KOR.ZROW.W100.CPAA.LIKI.CORII
DIMENSION RRI251. CI4251. IHETI1251 6

WRITE 461.771 2MOC.IC00.21(004110
CONNOR R.DR.1111.0.V.A.THETP,A110301.51.GO.ONEGA.RNO.VISIMIL.PI.R1.W.

WRITE1E1.791 SRCEL.SJOEL.SKRDEL.S./40EL
7NPROF.APP.11.12.1304.15.16.77.14.TEST.RETI.M14.040

RKIIE141.801 CPAA
WRITE 161.121 9

WRITE 161.131 10

12127..OMEGA/1
WRIIE 161,141 It

DR*DRI
WRIII 161.15) V 12

MB.HO/COSISII
WRITE 161.161 META 13

51251.188.71,1
WRItE 161.171 HS 14

THETP2THEIP.180./PI
WRITE 161.101 N 15

110110.160./P1
MIME 4611.19) OMEGA 16

R2/14
WRITE 161.201 17

IFIX.GT.AMAMI GO TO 101
WRITE 161,211 THEIP IA

WRITE16111571
RA R

19

GO 10 IGO
CSI SI

20

101 CONTINUE
SI SI2P1/114. 21

C
CRL .752R 22

FURMAIS FOR INPUT 4NO OUTPUT STATEMENTS 212 CALL SEARCNICRL.RRICI.INETIOF.G.TWET.SMODEI
273 SI CSI 24

274 BANG INET21011./P1.THETP 25

C
STOP

275
216

WRITE 161.221 BANG
WRITE 461.231 SI

26
27

C
277 WRITE 166.241 28

10 FORNAT13F10.41
'WRICE (61.251 9 29

114 FDRMATIIA.F4.3.2X.F6.4.3A.F5.4.21.F4.2.3%.F5.3.2A.F6.3.2X.F6.3.20,
WRITE 161,261 R 30

116.4.2A410.3.21.F6.4.21.611.41
WRITE 161.271 40 31

II FORMAT 1///.214 PERFORMANCE SL14114R11.34KOTIP SPEED RATIO .1E8.31 A 305 CALL SOLIDI (RR.C101F.9.R.P11.50101 32

26 FORMAI 1/.150.27H TOTAL POWER COEFFICIENt 4 310 WRITE 161.28) SOLO 33

27 FORMAT 17.151.43H AVERAGE POWER COEFFICIENT WITH GRADIENT 2 .F10.5 4 309 CALL ACTIVI IRR.CI.NF.40.P1sACT) 34

SI
A 310 WRITE 161,291 ACF 35

34 FORMAT 17.151.20H 701AL MOGI COEFFICIENT .F7.41 A 311 WRITE 161.301 NFROF 36

19 FORMAt17F10.41
WRITE 161.31) OF 37

40 FORMATI3F10.41
WRITE 161.321 38

4I FORMAT1212.141
WRITE 461,331 39

51 FORMAT 1/584 IDFOUE VARIATION OUE to AERODYNAMIC SECOND DERIVATIVE A 330 WRIT( 161,341 IRRIII.C1111.11NET1(11.1.10F1 40

2 .F15.41 A 331 WRITE 461,351 41



1

2
3

4

6

7

8
9

IA
/I

C
C
12
13

1.4

15
16
it
18
19
20
21

22

23
24

25
26

20
29
30
31
32

33
34
35

36
37
38

WRITE 161.161 DR
IF IAPP.E0.0.01 GO TO I
WRITE 161.371
IF 1AM00.10.0.81 GO TO 2
WRITE rat.it,
GO 10 3
WRIIE 161.391
IF 1041.2.01 GO 10 4
IF 160.10.0.01 GO TO 6
IF 100.0.1.00 GO 10 5
IF IGO.E0.2.01 GO 10 6
IF 160.10.3.01 GO 10 7
GO TO 9
IF 100.(0.2.0) GO TO 6
IF 100.10.3.01 GO TO 7
GO 10 6
WRITE 141.411
GO IL 9
NRITc 161,421
GO TO 9
WRITE 161,431
GO TO 9
NAM 161.40)
IF IME.E0.0.01 GO TO 10
1111111 161,451
GO TO 11
WRITE 161.441
CONTINUE
WRITE 161.461
WRITE 161.471
WRITE161.451
RETURN

FORMAT 11141
FORMAT 157N IHEORETICAL PERFORMANCE OF A PROPELLER TYPE WIND TURBI

!NEI
FORMAT 1///.50.2211 OPERATING CONOITIONSII
FORMAI 1//g150.23H W140 VELOCITY - FPS .FT.41

FORMAI 1/.150.35H WIND VELOCITI GRADIENT EXPONENT .rr.as

FORMAI 11.151.399 HU9 HEIGHT AROVE GROUND LEVEL - FT- OF12.41

FORMAT 1/.15X,401 ALTITUDE OF HUB ABOVE set LEVEL - Ft . oF19.41

FORMAI 1/016X.30H ANGULAR VELOCITY RAO/SEC .F10.41

FORMAT (/.150019N TIP SPEED RATIO 01.41
FORMAI I/.15X04414 PITCH ANGLE FROM NOMINAL TWIST - DEGREES .F10.

$4)
FORMAT 11.150,401 PITCH ANGLE (I 0.75 RADIUS DEGREES .F10.41

FORMAI 1/.150.2614 COHENS ANGLE - DEGREES .F10.41
FORMAT I/H.50.14H BLADE DESIGNS)
FORMAT 1//.150.20H NUMBER OF BLADES .03.31

FORMAT 1/.150./9H TIP RADIOS FT .07.4)
FORMAT 1/.150.19H HUB RADIUS - FT 0F7.41

FORMAI 1/.150.11H SOLIDTY .F12.51

FORMAT 1/.150.19H ACTIVITY FACTOR ,F12.51
FORMAI 1/.150.16H NACA PROFILE .141
FORMAI 1/.150.331 NUNBER OF STATIONS ALONG SPAN 0141

FORMAT 11/.10X.29M CHORD AND TWIST OISTRI3UTIONI
FORMAT 17/.16X.1 EH PERCENT RAOIUS.50.8HCH0O0.F1).100.9111NIST.DEGO
FORMAI 1/.200J5.1.11X.F10.5.10X1F10.51
FORMAI (///15X,301 PROGRAM OPERATING coNorrtoNss)
FORMAT 1//.151.2511 INCREMENTAL PERCENTAGE 0E7.41
FORMAI 1//.150.3014 ANGULAR INTERFERENCE FACTOR, AP 0.01

FORMAT 1//1,150.3811 WILSON AXIAL INTERFERENCE METN00 USED)

az
as
44
45
46
4/
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
6?
68
69
TO

72
13
74
75
76
TT
Is
19
80
81
02
63
04
85
66
Al
88
89
90
91
92
93
94
95
96
97
90
99
100
101
102
103

39

40
41
42
43
44
4S
46
47
48

C
C
C
3

I

2

3

4

S

C

C

FORNA1 I1/.150.4014 SIANDANO AXIAL INTERFERENCE 9011100 USED)
FORMAT 1//.15X.3914 TIP LOSSES MODELED SY PROMOTES FORMULA)
FORMAT 1/7.150.41H IIF LOSSES M00EEE0 DY cotosurms FORMULA)
FORMAT 1//.150.10H NO TIP LOSS MODEL)
FORMAT 1//.150.3111 TIP LOSS MODEL -- NASA VERSION)
FORMAI 1//.150.22H NO HUBLOSS MODEL USED)
FORHAT 1//g150.291 HUBLOSSES MODELED BY PROMOTE)
FORMAT 111411
FORMAI 11/7.2214 PERFORMANCE ANALYSIS',
FORMA11///40..PCCR..6X0***.50..APTOX.*CET06X0C00O0.PHI..40.
$4ALPHAT.50.*F..$0..RE NOVOIX..C1*.AX.TCP*1
END 0

suricourtne SEARCHIRL.AR.C1.1HE1IOW.C.IHET.SMODEI
C

SEARCH DETERMINES SHE CHORD AHO SHE TWIST ANGLE AT
A GIVEN RADIUS ALONG THE SPAN. IT UTILIZES A LINEAR C

INTERPOLATION 1ECHNIQUE. C
C

DIMENSION ItR1251. CI1251. INETII251 C

COMMON Re0R001.0.V.A.THE/P.AN00.11.51,60.04EGA,400,VISOLIDPI.RX C

00 1 1.1,W C

PRI/ RE/IRXCOSISIII*100. C

IF IRRV.EO.RRII/O GO TO 4 C

IF IRRV.GE.RRIIII GO TO 2 C

IF II.EQ.NFI GO 10 3 C

CONTINUE C

J I.1 C

PER s IRRV-RRIJ111/IRRIJ-21.RRIJ-111 C

C PER1C113-21.CIIJ-111*C11.1-11 C

THEE PERITHEII1J-21.40E1113-111*THET11.1.11 C

GO 10 5
C CIINFI
THEO ERMINE)
GO TO 5
C C1111
THEY THE11111
THEO THEIOI/180.
00E.(RL.110I/IP.HB)
SHODEXMODIXOL$
RETURN
END

SUBROUTINE CALL IRL.C.THE101F.ITTF.AMFXFONFVF.W.IF.RE.PHIR0CL,C0
$40.CV.A.AP.ALgAX.ALPHA.F.CEF.CAT.AAT.CLI.:DT.NFS.SOLOON.SMODEt
11ILIOSOOSI

CALC DETERMINES tHE AXIAL AND ANGULAR INTERFERENCE
FACTORS AT A GIVEN RADIUS AND DETERMINES FUNCTIONS DEPENDENT
UPON THESE PARAMETERS.

DIMENSION AA11251, CLTI251, C01(25)
COMMON 11.06.11501.80X.THETP.AH00.0.61.GOOMEGAIIRMO.VISAL.P101104
INPROF.APP,T102,13,T4.15.76.T7.14.IEST.XETO.HH.ALO.AC
COMMON ACG.ESC.AE.AG
XL
RN HO
MO44
00 15 J1.40

3112 A

DEL IA AP
PHI ATAN111..A1LOSIS11/111.01P1XLII
PHIAA s ABSIPHII

104

105
106
107
108
109
110
111
112

113.

2
C 3

4

6
T

8

9
10
11
12
13
14
15
16
Al
10

C 19
C 20
C 21
C 22
C 23
C 24
C 25

C 26
C 27-

0 1

3

5
6

11
14

IS
16
17
16
19



3Ao*FsiNIP.111**2.
91.111.-2.*ACI.8AD/V8p.0.1

SINPNI.SINIPMIAAI
IFISINPHI.E0.0.000 SINPHI.8.0001

C1=11.-0A0.11C*ACiV491 %XL LOSIPHIAAI/SINPHI 20

CAMN.91.81-4.'C1 XALO XXL.R/PL 21

IFICANN.L1.0.01 CANN=0.0 PHIR * PHI 22

A=.5.401-SORMAMMI ALPHA = PHI-IHET-IHEIP 23

32 CONTINUE ODIC = ATAN111.-A1/1X1.11..2..APIII-AtA4111.-Al/ALI 24

IFIAAR.E0.0.1 THEN DA1 ODIC/4. 25

0A2 414./19.1.ISOLD.THI/m1/411./x10.201RL/RX1**21 26

ELSE DALPHA 011100A2 27

AP VAR/IF*SINIPNIICOSIPHII-VARI 80 ALPHA = ALPHA-DALPHA 24

ENDIF ALPHA° = ALpHA.0.001 29

IF IAPP.E0.1.1 AP 0.0 el C
10

9 PCCR.RLAIRACOSISIII C CALCULATION OF SECT ICNAL LIFT ANO ORAL COEFFICIENTS 31

C DAMPENING OF AXIAL AND ANGULAR INTERFERENCE FACTOR 43 a
12

C ITERATIONS. 84 IF INPROF.14.44161 GO TO 1 33

OS IF INPPOF.E0.00121 GO TO 2 34

IF 12-.41 13,12,10 86 IF INPROF.10. 88888 CO TO 3 35

14 IF 1410/ 13,12,11 47 IF INPROF.10.99991 CO TO 4 36

/I IF 1.k.451 13.12.11 88 MITE 161.200 17

12 A . 1/1.8E141..5 09 1 CALL NACA44 IRL010310ALPHAI,CL.COgAL0141

AP = IAPIOELTA0..S 90 CALL NAC444 IRL.RX.S10ALPNAO.CLOADDIALOoN1

01 CONTINUE 91 GO TO 6 40

92 2 GALL NACA00 IALPHAAL40.44.01 41

UST FOR CONVERGENCE 93 CALL NACA00 IALPNAC.C1114009AL01 42

C
94 SO TO 5

43

IF IAPPA0.1.1 GO TO IN 95 3 CALL NAC411 141.113.51.ALPHA,CL.0011A18.4.AAI.CLIIICOTOFS,S0101 44

IF IAOSIIAPOELTAIYAPI.LE..00011 GO TO 16 96 CALL NACATI IRL04.31.4LPHACOLO.000.ALS.N.AAT.CLT.COTINFS$4010 4S

GO TO 15 97 $ I
46

14 IF IAOSIIA-0ETAIYA1.11..0001 GO 10 16 94 GO 10 5 47

99 i CALL MACAU( 1111013.514,ALPNA.CL.00.11001 4
15 CONTINUE 104 :ALL NACU% 1410114,SI,ALPNA041040011AL8011 49

IF IAW.GE.1.1 GO 10 18 101 S CONTINUE SO

16 CONTINUE IF 16041.3.1 GO TO 6 S/

C FOR CPERATION OF VORTEX RING STATE REPLACE THE FOLLOWING C CARDS
PCCR R111114.30115111

102
IRS

CL . cunt
:to . CLF.CLO

52
53

103 F . 1. 54

C
104 GO 10 7 SS

IF IJAT.401 GO TO 17
WRI1E 161,271

112
111

C
C CALCULATION OF TIP AND NUR LOSSES

56
S7

17 CONTINUE 114 58

C 115 6 IF ICAT.E0.1.11 F 0.9 59

CALCULATION OF FUNCTIONS OEPENOENI UPON AXIAL AND 116 IF ICAI.E11.1.1 GO TO 7 60

C ANGULAR INTERFERENCE FACTORS. 117 CALL TIPLOS 134104.011F01.601,41.PloRoRL,PHCOHI 61

118
37

62

18 CONSUME 119 CM = CL.SINIPHII-CO*COSIPHII 63

M SoRIII11.-WVCOSISIII**20,111.*API.ROONEGAI..21 121 :I u COCOSIPHII.CD.SINIPHII 64

RE = RHO.W.CAVIS 121 Cx% .. CL.SINIPHIO 65

CONST 10.5.RHO*14..21.C1 122 C11 LOCOSIPHII 66

FAF = LONST*Cx 121 SIG 10.C1/IPPRLO 67

FYI . CONST'CT 124 IF 11400.10.0.1 GO TO O 6$

XmFAF = FAF.IRL-1031/COSISIO
XmfVF FVF.I*1-1031/COS1STI

125
126

VOR 11.125.SIG.MITICOSISII.!211/1$141P411"21
VAR 10.125 .SIGTCXXO/IF.SINIPHIITCOSIPHI11

69
70

CII s 10.5.RHO.O.C1.111.111 127' CAN = F.F04.VOR.F.11.41 11

OF . CII.RL.C% 128 IF ICAN.L1.0.01 CAN 0.0 72

IF CII.CV.COSISII 129 A . 12..V8W-SORITCAN$1712.1V0R,FTF/1 73

DPCR s DR/12..RXI 1311 AP VAR/111.A.F1711.AIVAR/ 74

CR . Gill 131 If 1APP.14.1.1 AP . 0.0 75

CLA ICLO-CLI/0.001 132 SO TO 9 76

COA = tcoo-cot.o.00t 111 9 5811 8.125.61G.C1V.ICOSISII..21 77

COP a CLA.SINIPHII.COA.COSIPHIICy 114 VAR 0.125.61MXT 78

GYP = CLA.:OSIPHIItEM.SINIPHII-CA 131 4.18R/12.SINIPH11..24VORI

CN.CL.COSIALPHAILO*SINIALPHAI IFIA.LE.4C1 GO TO 12



19

C
C

CONTINUE
0 144

IF INPROF.E0.99991 THEN
CALL PROPEREAC6.ESC.RX.R.NIT.C.AE.AGOMASS.411.Al2.A13.ER.EloE2.
1EI.FF.FFP.FFPP.FP.FPP0RL.E1.611
ELSE
CALL PROPERITACG.ESCOX.S.411.C.AE.AG.AMASS.A11.Al2gAII.ER.E1.E2.
6 E3.ff.FFP.FFPPOP.FPPOL.E1.611
ENDIF
INTROT/R
RS.1.RHR
OTNA.6./IRHO.V.V1

SOLVE FGR QS ASIATIC TIP DEFLECtIONO

I

2

AMM = 1.
AM * 4.0
IF 10.61.2.41 GO 10 1
If 160.E0.8.87 GO 20 2
IF IGO.E0.1.01 GO TO 4
IF IGO.E0.2.01 GO 10 3
IF 160.E11.2.01 GO TO 3
CONTINUE
TV.10.1RR111/12..RLSTINTISINIPHIT.2..0.000111
IFITI.11.675.1 THEN
FI.
ELSE
F.12./PII.ACOSIEXP VVVVV
ENDIF

E
E

E
f

E

E

E

E

Al
11
12
13
14

,ES
16
17

BEETA.INET.THEIP
GO TO 5 E 20

CB.COSIBEETAI
3 F 1.0 E 21

SO.SINIBEETAI
GO WO 5 E 22

CSI=COSISII
4 IF 11ABSISINIPHIIII.LT..01011 GO 13 2 E 23

CALL Gaps! Iu.uo.F.4,60.etotom,p41.sun2,sum.AK.Ammoks1 E 24

cR.ciRx
3 HUBLOSS CALCULATIONS E 25

RIR=RUR
E 26

WTOMEGA
5 IF EHL.ED.1.11/ GO TO 6 E 27

IF *OFR07-.10.99991 THEN
Fl * 1.0 E 26

CALL SUHROWIRLR.RNR.RS.ER.E1.(3.0BOC.HM.E1.61.RX1
GO TO 7 1 29

ELSE -
6 FI 42./PII. ACOSTEXP410.1RLRHO1/12..RAPSORTISINIPHIE.2..00011 E 38

CALL SUMRONLIRLR.ROR.RS.ER.E1.E3.00000N.EI.G.1.R71
$001 E 31

ENDIF
f f . f*FT E 32

BOORNA=CSI C8.11..41.XR1R.CSI.S911E3SSI
RETURN 1 33

BTANG=CSI.SB11...A1X.RLACSI.00
END F 14

NNORM.19NORMA.SNORMATBIANG*9IANG1 SUBROUTINE MESSES. 11.1*ATO F 1

OSE OTNA AM4SS*OH*OH IER SBCB11.55I.SSIORIRS$1C1111f C F 2

OS2.OTNA.441t4131.014.0N.SSI.CSI.CO*FFP
C BESSEL CALCULATES BESSEL FUNCTIONS FOR THE GOLDSTEIN F 3

053.3..)04ORN*FF.CN.CR
3 TIP LOSS MODEL F 4

SINCE euc.ssucbtas
C F S

prin -00ft
5 . 6.0 F 6

OSSI.OTNA.ITHASS.OH.OM IRLMSMSTER.SS1351.$51PAUL AK a 8.8 F 7

0S52.OYNA*AMASS.ON.011.1156.SBRISS1.001..2.1.FFOFF
C I. F 8

OSST.OYNA*EI.FFPPFFPP
00 K.1.16 F 9

U0S.051/52.053
. 1.252.11*AK f 10

BOS=OSSIOSS2tOSS3
TEAK F IL

I/ I7.1112. COSIPH11.2) C SINIPHIICOSIPH11.3.0042..COSIPHII 151 A. F 12

SCLA1.11.41..2.913.C1.0R/2.
152 1 K . 0 -1. F 13

T8 . 10.1111..SINIPH11"21/COSIPHII.CLCO.SINIPHII.CLA.SINIPHIII. 153 f ITK.LE.0.01 GO TO 2 F 14

164 . 0*TKP F 15

C
155 . 0.4. F 16

RETURN
156 0 VO 1 F 17

3
I56 2 p f Al

iST = 8/1CE15 F 19

28 FORMAT 493H TOU HAVE SPECIFIED A NAGA PROFILE NOT STORED IN THE PR 199 K . AK.l. F 28

TOGRAN. THE PROGRAM RILL USE NAGA *415.1 160 . AKC F IT

27 FORMAT 1,.31(.4911 ATTENTION NO CONVERGENCE AT THIS STATION) 169 1 CON 1NUE F 22

END
172.. AI . 11.521*VOS F 23

RETURN F 24

SUBROUTINE TIPLOS
1 ENO F 25

3
2

C TIPLOS DETERMINES THE TIP AND HINT LOSSES 3 SUBROUTINE NACA00 TALPHA.C140.11181 6 1

C BASED UPON GOLOSTEIN.S THEORY. OR PRANOTLAS THEORT. 4 C 6 t

OR FOR THE CASE OF NO LOSSES. 5 G NACA DETERMINES THE COEFFICIENTS OF LIFT ANO DRAG 6 3

C
AT A GIVLN ANGLE OF ATTACK. ALPNAI FOR A NAGA 8212 AIRFOIL. 6 fo

SOME 0.0
7 C 196 EQUATIONS HERE OBTAINED OT A ORTHOGNAL POLYNOMIAL C S

SUN . 0.0
CORVETIT OF NAGA DATA PUBLISHEO IN NAGA RE'ORT NO. 669.PAGE 529. 6 6

AK . 1.
9 C 6



AO = 5.73
1 NOT PREVIOUSLY STORED. CUE MUST INSERT CURVE FIT EQUATIONS 4

A2 = 7.A4
G 9 3 FOR SECTIONAL LIFT ANO DRAG COEFFICIENTS 13 A FUNCTION OF 5

SOO . 0.0051
6 AS C ANGLE OF ATTACK IN DEGREES. 6

SDI = 0.0006
0 11

SO2 = .13C
G 12 C EQUATIONS FOR LIFT AND DRAG COEFFICIENTS FOR 6

S03 . 0.0168
G 15 NACA 644 -421 AIRFOIL HAVE BEEN INSERTED. 9

SD4 = 0.0G06
6 14 10

S05 . 12571.
6 15 A ALPHA180./3.141693 11

AMAX = 0.211
G 16 12

A ALPH1410.3.141493/160. 6 17 ADD CURVE FIT PROGRAM FOR CL AND CD 13

IF IA.GT.ANATO GO TO I G 16 PI.3.1415926536

CL = 10A 6 19 CONVI4.1/100.

CO . SOOPIS01111502111 6 20 000.0.014

GO TO 3
6 21 AL0.1.1CONVI

I CL 4101111121AAMAX121 6 22 110.0.020255
IF ICL.GE.0.01 GO TO 2 G 23 91.11.9,05

CL = E.G
6 24 B2.54.761

2 CO . S0I.SD411..AMA0124051A-4M1/14 25 83.136.055
IF ILO.LE.1.01 GO 10 3 6 26 84.-444.5923

CO = 1.0
22 CO.187.3277

3 RETURN
G 20 C1.2335.2577

ENO
21- C2.10916.946

CS...22521.2767

SUBROUTINE NACA44 IRL.RAgS1.ALPIA.C...CD.AL0.141 C4.17201.011

PI.3.1415926536 ALI.ALPNA

CLFL.1. 112.ALIYALI

AMAX.P172. AL3.4L2ALI

AST=45P1/110. 114.AL3.ALI
CL.6.6463.1

CONV=PI/180. 1E11.6E44.1 CL.00.0/.1LE.BPAL2.11311.3.84.4L4

CDO..016 1F11.61.1,.71 CL.00K111.141G2412C3ALISC4AL4

ABSA.AOSIALPHAI
1E114E021.1 CL.2.25.SIN121L11114./PlYSINIAL 113.0 .04

ALI. ALPHA CD.000.11.420...AL21

ALE.AALI IFIA.GE.10.1 CD.0.0225.0.65IALI.40.C04111

ALI.AL2*ALL 1E11.6E614.1 C0.0.16001.42.462714L1..14.CONVII

AOILTHA1130./P1 IFIA.GE.20.I CD.4.5ISIN ..2./14./01PSINIEL111.0.14

1E14.1E4.4.1 THEN RETURN

Cl.43175.56911.1 ENO I 33-

CC.C6.1.11..25.65.AL21
ELSE II.LE.14..AND.A.GT.4.1 THEM SUBROUTINE NEGATE IRLOTAgSIOILP41.CL.CO.AL1,11.11T.CLT.COT.NFS.SOLO J

CL..436434.4249.ALI..13.6295.112 Si
J 2

IFIA.LE.10.0 THEN 3
J 3

CO..0107.1/4611L140CONVI C HAW? IS AN INTERPOLATING SUBROUTINE TO INTERPOLATE J 4

ELSE AIRFOIL DATA IMPUTED IN TABLE FORM. J 5

C0 ..0371.i0267.11L1-10..CONV/ C
J 6

ENLIF DIMENSION AATI261. CLI1251. C011251 J 7

ELSE IF IA.11.26.1 TNEN A ALPHA160.13.14169111.0 J 4

CL..4395.10.5458.1L136.5327112.34.6733AL2 DO I 1.10NFS J 9

IFIA.LE.16.1 THEN EF 114.1.2.2211121 CO TO 4 J 10

CD..1.2.16461A11..14.CONV3 IF II.LE.1 lllll I GO TO 2 J Al

ELSE IF II.EQ.NFSI GO TO 3 J 12

CD=.2.1.637.111116.CONVI 1 CONTINUE J 13

ENO IF 2 J lot J 14

ELSE PER . IA AATIJ J 21 A411.0111 J 15

CL.1.2S1N12.ALII CL J 16

CO..241.637.1A1116CONVI CO = PER.1:01(J.-20C011.1-111.3011.1../1 J 17

ENDIF GO IC 5 J 16

RETURN 3 LL CLTINFSI J /9

ENO I 311 CD COTINFSI J 20

GO 10 5 J 21

SUBROUTINE MACIAM IRL,RX.GTIALPHA,CL,CO.AL0.140 I I 4 CL 413111 J 22

C 1 2 CD . COMO J 23

C NACAXX IS AN EMPTY SUJROUTINE FOR USE FOR A PROFILE I 3 5 CO = ICE3.476.1.2.1241/3.471 J 24



RETURN
J 25

END
J 26-

SUBROUTINE SOLIDI IRR.C1,6F0B0R,PI,SOLDI
K 1

3
K 2

SOLIDI DETERMINES THE TOTAL SOLIDITY OF THE K . 3

WINO FURYINE DESIGN.
K 4

K 5

DIMENSION 11R125). CI1251
K 6

HEX = NF -1
K 1

51 = 0,
K A

1E110*(0.11 THEN
5131111R
ELSE
DO 1 I=1,NFA

K 9

SOL . 11C111.11,C/II11,2.11RRIII-RRII.111R/100.
K II

St = SIASOL
K 11

1 CONTINUE
K 12

END IF
SOLO 951/1PIlt.20

K 13

RETURN
K 14

END
K /5-

SUBROUTINE ACTIVI IRR.CI.AF.001.PI.ACF1
t 1

C
L

C AMR! - OEtERNINES INE ACIIVIII FACTOR OF THE L 3

C WINO TURBINE DESIGN.
L

3
L

DIMENSION R111251. CI1251
t 6

HEX . NFI
L 1

SI 0.
t 6

00 1 /./INFA
t 9

CI . 1C11141/ K111/1/2.
t /6

ROR IIRRIIIRRII4111,2..RR1/.111/100.
t I/

OROR = 1104111-RR(14111,100.
L 12

FAC 131/12.°R10.110R..3DROR
L 13

51 . SWAG L 14

1 CONTINUE
L 15

ACE . 51.160000.'16.
L 16

RETURN
I IT

END
L 16.

SUBROUTINE GOLOST 111.CO.F.0060011,ROL.PHIISUNI,SUM,AK.ANN01111

GOLOST DEIERNIAES THE GOLOSTEN TIP LOSS
FACTORS FOR THE 2 BLADED DESIGN CASE. FOR DESIGN CASES
WITH BLADE NUNRERS OTHER IRAN TWO THE PRAIIOTL
MODEL IS USED. THIS CAN 9E CHANGED IF NECESSARY, ANO
THE GOLOSTEN MODEL FOR ANT NUMBER OF BLADES NAV SE
SUBSTITUTED FOR THIS ROUTINE.

DO 5 H.1,3
V 12.*IN.1.1
IA - U06
62 6.6
2 . 1V
22 . 21
CALL BESSEL 11.101111
SALL BESSEL 1200.4101
IF 12.GE.3.51 GO TO 1
A 2. 2.
0 = 4046.

6.6. . 11 21

D = 8.'8. N 22

tiVZ a 22/1A-121.122 221/11A-021.10-0211,122,31/11A-01sto-021 N 23

6 1C-V211.122 41/11A-V2010-1,21.1C-112110-11211 N 24

0I102 1V.P1410/12.*S/N1.5.V.P111IIVE N 25

SO TO 2 N 26

20 = IWUT/(1..U01 N 22

12 4..U.U11.U.Ulf111..UU1.41 6 20

74 16.41.11 11.14..U.U.21.*U440U61/111.4UU1*71 N 29

I6 64.°11.11.11.15.U.U 603..U"41665...64460.*U636.U II 30

I 161/111.40.111401
N 31

3T111 faCT2/62,14/16221.16/16231 N 32

FRU 1UUlt11.1.UU1CTI0E N 33

SUN SUN.FVU/V2 N 34

IF IAM.NE.6.01 GO TO 3 N 35

E 11.096/1U0.6.6661
N 16

3 IF IAN.NE.1.61 GO TO 4 N 37

E 6.531i1U0o1.2651 N 3$

If IAN.II.I.01 E 0.0 N 39

SUN? SUM2411UO.UO.ANNI/11.4UOU01IAI/41.61
N 40

AM ANTI.
N At

AK 112..011.1AKI/12..ANI
N 42

5 ANN AK/12.4101.1
N 43

G fueulitt..tput-te./Iptploisul
N 44

CIRC 6-12aPtsSun2
N 45

f 411.4,001111PUIPTIRC
N 46

RETURN
N 47

END
N 46

FUNCTION KNOOIRPO
DIMENSION 61161
O 411101I102*(.161/4..6..1.6694,4.6694.1.7426.0.96.4.01..6.,
SUN.AH000.
DO 1 IJ016
SW1.51111.61/1
AMOD.AN00.6111RPI

4 CONTINUE
ENOD.XMODJSUH
RETURN
END

SUBROUTINE PROPER! f=6,,ESCOIX,R.N84,4E.A;.ANASS.AII,EI2sAI3Io
110.11,E2.E.I.Ff.rEP,EFEU.FP.FPPOILAIOJI

N I CO.C/RX
N 2 RER.RLAR
N 3 RHR.110/R
N 4 ER.TESCACGICR
N 5 E1.ILSC.25CO
N 6 22.16.75-ESCICR
N 7 E3 .10.5-ESCICR
N I C
N 9 C. PROPERTIES OF THE BLADE
N IB C
N It 20 AFAC10.6.64752/144.
N 12 IFIRLR.LE.1..ANO.RLReGI.6.6545/ !NEN
N II 012.6.671EVPI-3.3I3'RLDI
N 14 813.62.3636.E2Ff=2.0236SLOI
N IS ANASS16041FACTOLIPI-1.3266'RLRI
N 16 ELSE IFIRLR.LE.0.6545.AND.RLR.GI.6.36461 T4EN
N 17 B122.111EXPI-1.802RLRI
N 16 613.29.44EAP10.26.RLRI
N 19 ANASS.9.65AFACIO.EXPf-O.E4RIRT
N 20 ELSE IFIRLR.LE.0.1646.2NO.PLR.GI.0.11950 TVEN



812=4.5679*EXPI4.000A*RIRI
IFIRLR.G1.0.2441 012=2.111EXPI..1.802=RLR/
BII=11.3126=RLR**1-.0.0191
AMASS=5.243*AFACTO=RIR**1.4.36951
ELSE
012.2.1210
011.41.924
AMASS=10.88*AFACTO
ENDIF
011.012*B13
EI=S12AE
CJ=BIPAG

C CHANGE UNIT TO FEET
C

Al2=LASI512
AIT=OINSI.BIT
EI=AE*012*144.
6.1=AG*1111=144.
AII=A11/1RXRX1
11120112FIRX*RXI
AII.A13/IRX*RXI
EI=E1/111X4.1
6.1.GJ/IRX* .0
CJ0=7.2047EOS
EI0=1.1577E06
210=EI0 IIRM*0
GJ0.G.10FIRX*4.1

AII=AFACTO011/1144.*RX=RXI
AII.AFACIO*012/1144.RX=RXI
A13cAFACIO°81311144.*RX.OXI

F0.1.

EI=E1/1144.PRX*.A.1
F0=1.

G.I.GJ/1144..RX"4.,
RS.41..ANRO
IPA.KHR/RS
ZP.IRLR-RHRI/RS

3
IPI.ZPIP
IPT=IPE*IP

F0=1.
ms16.1.1P

FO.I.
AKJ0=2.*ZPAGJ/G12

RS.11.-RHRI
AKKO.2..EZIEWIPOZPA*13.t4.*ZPAI

ZP=IRLR-RHRI/RS
AKK1.12.PEI/EIS*IPAP11.*IPAI

ZP2=ZPIP FF.IIKKA*AKKIIP6.IP2..4.*/PIZP4

ZPI=IP2ZP FFP=AKK10120I0-1201P24.*IPI

IPA=ZPIP FFPP=12,24.°P*12.*ZP2

FF=6../P24.=IPI*IP4
FP.A1C01.2..1P.W.ZP

FFP=12.M12.ZP2*A..IPI
FFPP=12.-24.P2P.12.=ZP2

CORRECTION OF MODE SHAPE THAT BASED ON LENGTH OF THE BLADE

FP=2.ZP-ZPIP
IR RHO NOT ON THE RADIUS OF THE ROTOR CORRECTION FOR

IPP.2.*11,ZPI
ASSOAMPING.SILFFNESS MATRICES 1

oORRECTION OF MODE SHAPE THAT RASED ON LENGTH OF THE BLADE
C IR RHO NOT ON THE RADIUS OF THE ROTOR I CORRECTION FOR FF=FFRS

C MASSOAMPINC.STIFFNESS MATRICES I FFOP.FFPP/RS
EPP:FN./RS

2
NNALF=1/2

FF=FF*RS
RETURN

FFPP=FFPP/RS
ENO

IPP=IPP/RS
RE1URN SUBROUTINE ITERATIOSIIALPN.AXII,SI40051,KKIIKLI

END
DIPENSIUN RRIESI. C11251. THE111251. AATI2SIs CLT 1251, COTI2S1
OIMENSION stattoollmmodttetatoso

SUBROUTINE PROPER IYCG.ESCIRX.R.HB,COIE,AG.ANASS.A11.Al2sAII. COMMON ReCOGNO.O.V.M.INETP,AMOOloNa1s6O,ONCGA.RHO.VISON,PI0NA.N.

SER.FI.E20E3,FF.FrP,FFIPP.FP.FPP.RL.EI.011 ANPROF.APP.T1012.I7.I4.15.16.12.10.1EST0XETIGHH.ALOsAC
CF.CIRX COMMCN XCG.ESC.AEIAC

RLI2=RL/R
COMMON RR,CI.THETI.NF

RHR=HA/R
EXTERNAL TOM, TIH

ER=IESCXCGI.CR
KL.I

gt.itsc-.251ne
MMAAG

E2.10.15-ESCI*CR
i2 ALEFI=RIGHT.O.

EI.14.S-ISC)*CR
DO 10 1.1.KK

1 PROPERTIES OF THE BLADE L.1.1
NTEST=1-2.NNALF

012=0.00061114
RLR.STAIII

011=0.011470
A=AXIIII

1111=8II*0II
ALPHA=ALPHIII

DENSI=5.2502
ALPHAD=ALFHA*0.001

ANASS=0.106546
RL.RLR'R

AII=LENSIPATI
CALL SEARCHIRLoRRICAOHETI.NA.CaEisSMOOEI



IFIMPROP.E0.99491 THEM
CALL PROPERIXCG.ESCRRX.R.MB.CoAEOG.ANASS.411.Al2.4130ER.ElvE24,
SE3,TT,FFP,FFPP.FPrEPPRLETyI1
CALL HACAAXIRL.RX.SI.ALPHAsCL,COIDALOOTO
CALL NACAXXERL.RX.SI,ALPHAO.CLG.0001rAL0.4)
ELSE
CALL PROPERITXCGIrESC.RX,ROB,C.AE.Al.AHASS,AII.Al2.A11,EP.E1.12.
SEWF.FTP.FFPPaPIPPPIIRLIII.GJI
CALL NACA441121.01XoSItALPHA.CI.00sALO.MI
CALL NACA44112LIIRX*SI.ALPNAO.CLC.000.ALB.M1
ENOIF
RHR.HOJR

WR=RSIFOS
NP.FFPBS
CW=COSINPI
SIT.SININP)
CIN=CW.CM-SW.S4
BEETA.THEICINETP
CO.COSEBEETAI
SB.SINI BEEIAI
CSI=COSISTI
SS1=i1NISTI
CR=C/RX
OH.OHEGA
ITIL.LE.XXI THEN
ORR.STA111.-STAILI
ELSE

ORR=STAILLI..STATIT
EMOTE
GH.CCOSIALPHAI.CISINTALPHAT
CCHCOSINTALPMAT..COCOSIALPHAT
X.OMRX/V

C
C

ITINPROF.EQ.999911HEN
CALL SUMSUMITOMoTINRARIIER.E1..E3OCOUCIIBUC.AAUC.ABUCOMUC.IUNA*0
1M.ABUM.AUO$MMASII0HR.EI.G.I0RAT
ELSE
CALL SUNSUMITTOM,TIM.RIR.ER,ElfE3oUC.AUC.B1C.AAUCeABUCOBUC0AUNIAA
IUM.ABUNAUTTOMASeRHRATAJATO
MIT
U0Uti.UC
UCP0*AUC
umpouc
UOTO.UMFO=BUC
UMPO.AUM
8(10.01.01.11U3

AUCPTI.AAUC
AUMPO=AAUM
BUCP0=AUCFO.ABUE
BUMPD.AUMFO=A00m
BUCF0=BUNFO=BBUC
BOUMOBUC
DI5mIALRfUCTCS1-,MR.SSI

C SOME COFACTORS
PARTI.SSI'SM-CSPOI.CO
PARE12=SSICWOSI.SM.CA

C
TAILizIRLRAUMI.CM.CSI*S94NR.SHCSI.SIDET.PIRT12
TAILI.IRLR.UNI*CSIASB-NRSSI

Iflis:ST Il.*Al.XEIRLRAU01GS1.3-MRSSIT
101.-PART1.11,41-XIIPLRH101.CM*.IST'S.PIR'SW.CSI.SO-E3.PARE121
NE2.104.MN.MtMT
1111101E2°C0CR
NNO.MENCR

C MASS MATRIX
OVEl=06SRHOV°V
OINA.13./OVELT

NES=1A11-AIWOM*OWISSI.CSICO*C2H.SWCWITCSI.001*.Z.-SSI.SSIII
HiSsI.WNO.IFF.CNAINFO.SNI
TEI.ERSB.CB.E1.-SSI.SSIIIRLFAUCIASSI.CA
IFI.BUG IIRLRAUCICSICSIAER.SSCSI.SOI
Ii4=AMASS.OH.W1...159.SBATSSI*C0121.PPIF.SSI.CSI.CR.BUCT
TES.11.FFPA.TIPP
OALETIOTNAlaFROPSOORR
ORIGHI.UTUAEAMASS.OWOM11F1oTP,IT21.HTSPrp1,MTS
DRIGHT.ORIGHTORR
FEB=2.13.
IffNEESNELO FEO.4./3.
IF11.20.1.0R.I.ETTAK1 ree.t.,:.
START THE SIMPSON INTEGRATION
ALEF1=ALEFT.FEBOMETT
RIGNI.RIGNIE0pEGNI

IA CONSTRUE
POS.HIS
OS.RIGHT/ALETT
TFOOS.E0.11.1 CO TO IA
CHE;X=ABS110S.POS11051
IFI:HECK.1.1.0.01160 TO 555

TIFTKLAT.101 GO TO ASS
GO TO 22

lB NRITE161.131
II FoRmATI,. US
OSS CONTINUE

RETURN
ENO

SUBROUTINE SUHROMAIRLRONROSsER6E1..E3.1130.10141.GJOIT
BOUS.O.
ALON*A.
AHIGH.IRLII.RHRT/PS
EWEN
ORS.1AHICH-ALOMI/N
O RSIA0R5 /3.
RLS=ALON
ION,*
00 16 1.10C
IHALE.1/2
ITES1-I-2IHALF
IPARLS
2P2=ZPolP
ZP3.2P2IP
TPA:IP32P

FFP.12.IP-12.EPEt4.Ep3
FEPP.12....24.ZP4,12.292
FPA2mIP..ZP2
FPP.2.'11,1P1
O BOUL.4TP.FFPPS
F evi.
IFTITEST.E0.01 FEN*4.



IF11.01.1.04.1.EU.K1 FEB=1.
BRUC=aBOC41,1=00H1CORS3
RLS=RISIIORS

le CONTINUE
RETURN
ENO

SUBROUTINE SUNROWIRLROTHROTS,ERIElsElyBOUCINNEloGJ.RAI
OBUC=0.
GJO=7.2647E05
El0=1.7033E06
GJO=GJ0 /TRX=4.1
EIO=E10/1RA .4.)
ALON=O.
AHIGH=RLR/RS
1PA=RHR/RS
N=NH
DRS=TAHIGH-ALORTIN
ORS3=DRS/3.
RLS=-IFA
K=101
00 10 I=101
IHALF=1/2
ITES1=1.4THALF
IF=RLS
11.2=ZP=OP
ZPI=ZP2ZP
IpysIPI=IP
IFIELS.61.0.1 THEN

AKJ0=2.IFAGJ/GJO
AKK3=2.EI/E10ZPAZPA13.04.IPAT
AKK1 =12.EI/E10=ZPA 41,01.1PAI
FF=ANKO=AKKOZR.6.IP2-4..ZPI.Z=4
IFF=AKK1.12.1P-12.TP2.40,11.3
FFP0=12.-241P.12.*P2
FP=A0.1012.*IP.IP=IP
FFP=2.11.-ZPI
ELSE
FF=2..11FA.ZPI=.2..13.14.*IPA2.FIBI
FFP.12.12PAIIIP101.o0p0-tpi
fifTs10.11.-2..1P1
FP.2..ZPA41102P/SPAI
FPP=2.
ENOIF
0000C.-FFPFFPRS
FE0.2.
IFTITES1.111.01 FEB=4.

FE9s1.
BOUC=BOUC=FEBOBBUC=DRSI
RLS=RLSORS

10 CONTINUE
RETURN
ENO
SUBROUTINE SUMSUH111014TINOLRgEggE1 lol3eUC.AUC,BUC,AAUC.ABUCOBUCs
1AUM,AAUN.AOUN,AU0sH11,05.011R.Elo3JoRX,

UG.AU0=0A1C.400C=0300.1100..11AUM.AOUN=AU0.0.
01011=0.
RS.1.-PHR
ANIG0=4111R-RHRI/RS
N=MN
DRS=TAHIGH-ALON1/N
DRS3=ORS/1.

R1SrALOW
K.N.1
00 10 1=1.K
IHALF=1/2
ITEST=1.-2111ALF

SP.US
11.2.4POP
1P3.ZP211.
ZP4.51.12P
FF.6.2P2-4../PUZ04
FFP.12.ZP-124ZP2.4'.fP]
FFPP=12.-.24..0.12.IP2
FP.Z.ZP*ZP2
FPPs2.11.-21,1
NR.11SPS
WP=FFPOS
IMPuFFPPOS
CN=COSINPI
SN.SININPI
OUC=-0.514MPNP
TONO=TONTER4N.SIT,FP.FPB.NFBI
tont=tomal,cw.sw.fp,rppopp,
EEl -E3
TONI=TOMIEE3oCN.SW,FF,FOR.NPPI
OAUC=..NP10110
OAUH=-11PT0H1
0AU0=-NPt0H3
OAAUC=.40M0TOHO/RS
OAAUN=TON1=T0MI/RS
11$0=ITHIER.CN.SN,FP.IPP,UPP.FFRoFFPRO
TINI=IIIIITEL.CRoMFPORR.NPP*FFP.FFPPI
OABUG=NP=TINO-FFPTOMO
000101=NP=T1H1..FFPTOMI
OBBUC=...FFPFFP=RS
FEB=2.
10111EST.10.01 rEe.%.

FER=1.
uc=ucortimuc.oRs3
AUC=AUCFLIAUCDRS3
AUN=AUEIOAUH=ORS3
AUO=AUEB0AU0=ORS3
AAUC=AAUCTFER*OAAUC=ORS3
AAUN=AAUN4EAAUWORS0
ABUC=ABUCWEITABUCORS1
0111/0=A0UN4(0.000UN.ORS3
00UC.00UCE0000UCORS7
OUC.O0UCOS
RLS=RISONS

le CONTINUE
RETURN
ENO

C

SUBROUTINE SUNSUNITON.fIV.R1RaR,E1.E.10.1C.AUCAUCO1AUC.A0UCOBUC.A
1101.011104.00101.AUG,M1,0S,IIHR.EI.G.I.RX1

UC=AUC=AAUC=ABUC=BRUC=AUN=AAUH=AOUN=AU0=0.
0.10=7.204TEO5
E11=1.7013E06
Ele=i104.1
GJO=6J0 /(111(4.1
ALOW=0.



Rs=1.-RHR
AHIGH=RLR/RS
ZPA.RHR/RS
N=HM
ORS.IAHIGH-ALOWT/N
ORSI=ORS/S.
RLS=-ZPA
K=H1
00 10 I=1.1(
IHALF=1/2
ITEST=1-2.1HALF

ZP=RLS
21.2..zpzp
21,3=21,22P
21,4=21,3.2P
IFIRLS.GE.0.1 THEN
AKJ0=2..ZPAGJ/6.10
ARK0.2.EI/EIO.ZPZPA.11..40,2PAT
A10(1.12.E1/E102PA.11..ZPA1
FF.AKAA.AKAI*2P.6..IP2-4..IPI.ZA4
FFP=AKK1.12..ZA-12..ZP2.4..2P3
IFPP=12.-24..ZP.12..ZP2
FP=4KJ0.2..ZP-21..IP
FPP.2..11.-tP1
ELSE

FFP=120(2P4.2P1.11..ZPA-7P1
FFPP=l2..11.-2../P)
FF=2..ZPA.t1..ZP/ZPAI
FPP=2.
ENOIF
HR=FFOS.RS
wP.FFPOS
IIPP=FFPP.OS
CH.:OSUMI
SN.SINIOPT
00C=-0.5.RSHP.NP
10/101041ER.CN.SW.FP.FPPOIRP1
TONI.TOMIEI.CW.SN.FPOPP.RPPI
EE3.-E3
tw.tomuo.cw.swo.p.rep.wm
DAUC.-WP10110
DAUN=-HP.IONI
DAU0s-ITP.TONI
OAAUC=-TONO.TOMB/RS
OAAUm.-10M11010IRS
T1110=TINTER,CW.SH,FPOPPAPP.FfP.FAPPI
TIHI=TIMIE1.0101101..FPPO.P.FFP.FFPPI
OABUC=WP.TINO-FFP.10He
OABUM=WPIIHI-FFP.TON1
THIBM=-FFP.FFP.RS
FEB2.
IFTITEST.E0.01 FEB4.
IFTI.E0.1.0R.I.E0.K1 FE1.1.
UC.UL.FEBOUC.ORS1
AUC.AuC.FE9.DAUCORS3
AuH=AUM.FEBDAUMORSI
AUO=AUO.FEW,DAUO.ORSI
AAUC.AAUC.FEB.OAAUCORSI
AAUM.AAUM.FEMAAUM.ORS3
ABUC=ABOC.FE110ARUCORS]

AiHni=AlluMFE00ABORS3
BRUC=OBUCFEB.000UCORS3
BuC=OBUC.OS
RLS=RLSORS

le CONTINUE
RETURN
ENO
FUNCTION 104111.114,0.E.F1
10H.A.B.E-AC.F.0
RETURN
END
FUNCTION TINIA*D*Co00E,F0G*111
1111.A.CE.S*A.F.11.0.0.A.C.0.11
RETURN
END
SUBROUTINE VAMIOS*ALPH*AXI*STA*F0131,KKOL01KOELoSJOLL*5KR0EL.
1SJRDEL*ZMODeZCOOpiK00*CO0gINDLeZKOR*2001611100,CPAA,CER1401111
DIMENSION RRI251* CI1251* THET11251 AAT1211* CLI1251* ODIUM
DIMENSION STAII011*AX111001*ALPH11011,F81611001
COMMON RODROD0B.V.X.INETF*AN0001.510G9ONEGAANO*VISOLO.IIRX*Nt
SNPROF*APP lgT21,1304*T5061117411.1EST*XETION*ALegAC
COMMON XCGASC*AE*AG
COMMON RRoCIONETIOF
EXTERNAL 10/10111
IN./
A00..26179939
101.40
KNALF.NR/2
IFIIKK.2.KNALF140.01 IN.°
SLUARTA..114.2..ACI
IL3
F01*
F0.1*
211.212.213.214.215.216.212.1111.119.2110.21/1.2112.0.
2113.1114./1/5.2116.Z111.21111.2I19.1*
THOD.ZCDT.2C01.1CD2=2KOZ.ZKO1.2K02.N180.CPAA.C11°.16
201.1.20L2.2013.10R1.20R2.1DR3.10111.10N2.10N3=COLl.CORI*0*
ZZO11.12012.22021.22022.ZZO23=0*
00 10 1.I.XX
L.I1
NNALF.IFE
NTEST=1.2.NNAO
RLR.STAIII
A=AXIII1
ALPNA.ALPM111
FLOSS=F816111
ALPHAD=ALPNA1G*001
RL.RLR.RX.COSISI/
CALL SEARCHIRLOR*CIIINETIOF.CoINET*SHODEI
IFINPROF401.99991 THEN
CALL FROPERIXCGIDESCOX*ROD,C*AE*A6*AMASS*A11,Al2*A13*ER.E1*EE*
SE30FF*FFP*FFPPOP*FPPAL*E1s621
CALL NACAXXIRLOX*SI*ALPHA*CL.000AL0ON
CALL NACAXXIRLOXeS1*ALPNA041.0.000*AL001
ELSE
CALL PROPERIIXC60ESCOIX010014114EgAGgANASSI,A11*Al2*A13*ER*E1vE2*
SEI*FF*FFP*FFPF*FP.FPP*RL.E14.11
CALL NACA441RL.RXIISI*ALPNA$CLIICOgAL001
CALL NACA441RLOX*SI*ALPFAD.CL0*C000A10*N1
ENDIF
CLA.ICLO-.CL1/0400/
COA.1C00- 001/04.001
RNR.140/1RX.:05ISIII

A 11

A It
A 13



RS=1.-RMR
NR=RSFFOS
NP=FFPIQS
CN=COSINPO
SN=SININPI
C2N=CNCW.SISN
BEETA=TNETAINETP
CD=COSIDEETAI
$8=SINIDEETAI
CSI=COSISIO
SSI=SINISII
CR=C/RA
ON=OMEGA
IFIL.LE.KKI THEN
ORR=STAIII..STAILI
ELSE

DRR=STAILLI-S lllll
END IF
CN=CLCOSIALPNAItCD.SINIALPHAI
CO=:LSINIALPHAI..00COSIALPMAI
A=ON.RX/V

C
IF INPROF.EQ.99991 THEN
CALL SUMSUNITONstIN.RLRIpERwEl.E3gUCIpAUCoOUC.AAUCeARUCOIOUC.AUNAAU
IN,ADUM.AUOOMASOINRgEloGJ.RAI
ELSE
CALL SUNSUNIITON,TINOLRAR41470C,AUCONICAAUC.ASUCOSUC.AUM.AA
IUM.AOUN,AUD.NNOS.RNR.ElloGJeRX1
END IF
UO=UM=UC
UCPD=AUC
UCFO=OUC
UDFD=UMFD=OUG
UMPO=AUM
BUD=OUN=9UC
AUCPC=AAUC
AUNPO=AAUM
BUCAO=AUCED=ADUC
BUNPU=AUNFO=ABUN
OUCFC=OUNFD=ODUC
DRUM=OBUC

C SEMI COFACTORS
R=RX
PARII=SSISW.CSI.CleCO
PART2=CSI.SO
PART3=ESICIISSI.SNACO
PART4=IRERtUNIPCN,NRSII
PART5=412LR,UMIPSW-NRCN
PART6=CSISNeSSICNCO
PARI7 =R/V.M.SO*01*TRLRIUDIPSSItSB*CNINRSWPSSI!SO.E3.PARTIO
PARTO=R/VITLCOIRLOUDISSI.CO*NRCSIt
PART9=R/VITL.PARI6.IRLR,U0148GIONRSN.C9tE3SWS01
PARTI0 =R/V.IILPSSIPSIUIRLR.U01.01
PARTII=NR.SD.CSIPERCSI.CO
PAR1I2=S5PCNICSISNCD
PART13.NRSSI.SOIEMS.SSI
ILFI=ITOSISNfIRLRIUMI SSI SO.SN-NRCNS1ISB..E1PART6IFFP
ILFI=TLFISN*SSIS0FFOUVPSSI.SB.3N
PALI=IRLRoUCI.CSIMRISSIWIERSSIPS9
pAtt.n.motouclassi.wp.cst.co-ERfsmst

TAILIaIRLRPUMI.CN.CSISRINR.SN.:SI.SOIEI.PARTI2
TA/L2=IRLRIUMICSIPSO..NRISSI
0AIL3=YlSOCN ioLR.UHI SSIS49,111.wsw.SWSO-E1ePART3
TAIL,3=IRIA U551500114R.SWISISO-EPARI3
tAll4 .PART6.1RLIOUMI.CO.CwouR.SH.CO-Wilf.S8
tAILS=WCOWitiltUOMSICO.WA.CSI
71I155=IRLROUMI*SSI.CO.NRSST
TAIL6=YLPSSISOIIRLRIUMI*58

3

104.-pARWIi.-41-xIIRIA.U01CW.CWSO,WRSwCSI.S0-E7PWITO
w (2.14N.ON.141ot
Nt0=142COCR
NNO=WE2CN.CR
APPIONHIMEI CSIoRO WSBO10.RLRC51.391x3aPI
CHA.C1.4.COSIALPHAIKOASINIALPHAI
CTA.GlA.SINIALPHAO-COA.COSIALPH41
COP=CNA-CO
COP.CIA.CN
fl=:R12..C1oN.COPOTI
f2.CR.12.CNOF-COP.ONI
GI=CR.42.CONN.COP.NTI
G2=CR°12.C11141..COPNNI
F4=CRNET.CNA.EP
G4=CR.NE2CIAFP
HELP2=AU01-ConSSO.GtCSICO.G21
IIPP.X.EPPARTIVFP

NFIIAA.IRLRAUOI.SN*CSI.SIPLFFP-X.SN°:SI.SIPFE-APNRCN.CSISTIeFFP
NFIS=.11E3'PARTIFFP...XOUICNCSIPSA
NFI=NFIttNFIPINFIS
Oft.-X.ISSPIFF-OWCSI.COI
N01.IIRLOW01.CIPCSISO.NO.SW.CSIMO-WISSISW.CSI.VOCO11'IMo/V
w021101SSI-IRLIPW01.CSI.COP.R.,0/11
N0I.IVOSO.CW.ORLR.U01SSMO.CW.WPWSSMO.E3'PARI31.0/41
1102=R/VPITLCDIARLR.U0IPSSIPCDINRCSII
mo7.civflirt.cssiececm.sims11 .41mou01necutwa.sece.E3.wsei
w 04=Rpe1 rt.ss1osetIRLRfuoi.sell
N NOI=PART/FI-PART2F2
NTOI=PARIP6I-PART2G2
NN02=PART6'FI,SSIASBF2
WNDI=CNSO.FICD.F2
NTO2=PART6.61,1SSIS0.G2
NT03 =CM.S8.G1-.CO.G2
N N002=NO3FItN04.F2
NNOD3 =N0IF11402F2
N IDO2=110361*N04.62
N TOD3 =NOIPCI402.62

C FIND THE INTEGRAL COEFFICIENTS DF TAN AND TAN RATE

SAM=II.S/PII
OCTOA.4..11.-20,A1
07111=001011.015.015.015.00Rf1035 CSI
IFIAAT.ACO GO 00 901
0711IGLUART/DCIDAI0011

901 A0I12=IPAREIFi-PIRT2 '111.4E1oP4513-pART4eSSPSOI
e cl12.4pARIIGI-PARTVG21 'IPARWPART3-PAAPART61
OZI2SAM*IA0II24,00ZI210ISORP
110I13 4PARTI F1..PARTF211.4/.SlSCIPART4011
80013,..IPAR1161..PARIG21°IPARTS.SBIPAA14.GNSDI
DIII=SAN.IADZI3.OU1I31.01SORR



DZIE=SAMFICHTWFI-CRTFZiTIEITPARTI-PARTETSSITSBITFOFDRR
DZIT=SANTIPARTVFITSSI.SD.FEITIEITSNTSS-PART ATCOITFO.ORA
DZIEutSANTICNTSPG1-01%2ITIPARISTPARI3-PARI4PARTEITEDTORR
OTIF.#SANFIPARTEFGIFSSITSOFGETTIFARIECMSOTPARITTSNTSBITFOTDAR
D II0zSAMTIPARTFTFI-PART3 F2IFIETTPANII-PART4SSITSOITFOAORR
DZI9.-SAIPART9 F1oPARIITEIIPART4TC9-WSOITFOTDAR
0211E..winTIPART761-PARTIM21TIPARISTPARII-PARIETPARIGITFOTORR
D ZIIL=FSAMTIPART9TGITPARTIOTGFITIPARTETCNTSDTPARTSFSNTSOIAFOTDRR
O 2112=SAN ICIITSOFFI-COFEIIEISNSD-PART4'COITFOORR
OZIIJ.SANTIPARIOTIFSSI.SOFFZITA-EITPARTJTPARIEFSSITSDIFFOTORR
DZI14 SAM ICN S8 61-COTG2ITIPARI5TSNSWAREETCNSBIFOORR
0III5=-SANTIFARIETGIT5SITSBG2IFIPARTWARII-PARTETPARTEITF0FORR
02116=SANTIPARI7FFI-PARTAFFEATIET.SNTSD-PARTETCOOFFDTDRR
D ZIII=-SAIPARIE FI FARTIOFF2IIEITPARTI-PARTISSITSOIFFOTORR
O 2118=tsAH IPART/ GI-PARTATG21.1PARI5 SNSTEPARTICNTS810FOTORR
DII19.-SAHTIPARI9FGETPARIISTGEMPATE5FPARES-PARTVPARt4IFFDPORR

C PASS MATRIX
OVEL=C.SRHOTVE
D INA=iTsom,
001=2.TVLELT4.TYLTNR$CSPC0.4.TYLFIRERTuCIFssi-4.TYLTERTCSIFS6
002=NRTER11..IcSITCRITT2.ItER.ERTII.AISO.CSIITT2.1
003=IRLATUCIn.T11. SSI SSII-2.FERFNRFSSCHT11.-SSIFSSII
O 04=2.TIRLR.uCIeWNFSSI.CSITCB-2..IRERWCITERTSSITCSIoSIO
005=ICSIFCNI.T2..ISSITSNFC0102.64SWTSOIA*2.-2.*SSITCSITSNFCNTCH
006.11SSIS8IT2..CBCOIAI2
o cir=gcsl.sw.2..(ssi.cm.cwe.flawsw.z..2.oswycw.ssmstne
WHOo.OVNATIAmASSTIO01.0D2.003,0041TAIITOOSEDDEFAITTOOFITFOFIPORR

C DAMPING COEFFICIENTS MATRIX
C

C001.141401 FI-NOT F2ITTAIL3FtwoIFFND4FF2IFTAILEIFOFF0
C0D2=14IND1.61-NO2.621TAIL5-IN0IT21.4040GZITTAIL6ITFOTFD
ozcoz.I.s*Icool.coowtom
DICOI=IPARTIFFE-PARI2 MFIAILITIPARTVC1-PART2TC2ITTAILS
D ICOL=1.5.01C01601STFOTORR
02CO2=IPARIEFFL-PART2' FEI IAIL4-IPARTIGE-ART2-'GEITTAIL6
D iCO2.1.5TOICO2DISAFOTORR

C STIFFNESS COEFFICIENTS NATRIX
C

2001=IICN SO FI-C9 F2IFTAILUIPARTEFITSSITSBFEITTAIL4IEDF0
2002.IPICIOWCI-Cen2IETAILS-IPARTETGITSSITSBCEITTAILEIFFOTF0
0ZK0Z.E.5IIDDIAZ0021DRO
O TE01.11FARTIFFI-PARTETFEITtAILITIPARTITGI-TARTE.G2IFIAIL5
DINDI.I.501101DISFODER
02KOZ.IPARTITFI-PART2TFEITIAILE-IPARTit-.ART2'GEITTAIL6
DZKO2=1.5TDZKOVOISTFOTOOR
Z0D11a1.5 1040SI-C9TF2IFIAIL3'FDFOORR
IDDIT.I.STIPARIEFISSITSOFEITIEILETFOFOTDRIt
ZODEI.I.STWSEGIFIAILSTFOFFOORR
20022.-1.5C8.62.1111.5FVFOORR
10023.-1.5.1PARTECITSSITS0G2ITTAILEFOFOTORR

C STIFFNESS IN TAN
D IDDLI*IICNTSBTFI-COFF2ITSOTCNTICNTSIITGI-C9FG2ITCPITFOFO
DZOOL2.1PARITI SSITSOTFEITISSITCBTCNASNT35IIFOTF0
020017.-IPART6 'GITSSITSOTCEITSSITSIPFDFO
OZOOL4.14PARUFFI-PARIEFF21SO.CNEIPARIITC1-PAR120621.TOITOISTF0
0700LS.-IPARTI.F1-PART2TF2IFISSITCCNTSIISIIOISFD
DZOOLE,IPARTITGI-PARTVGLITSSITSOTOISTFO
DZOLI=1.5.10ZDOLITOZOOL2OZOOL3IFDRR
DIDL2.1.5OZOOLNTORR
02013.1.510100LEADZODLEITORR
0100N1.11CNTSRTFI-CS.F2,FIWSWFSSIFSOTICNTSOFGE-CO.OFIFERFCS/1

DiDONL=011,0141FDF0
OZODI2.IPARTEFFITSSISOTF2IWETSNC8TFOFU
O 100143.1PARTIFFI-PART2'F2ITARTSMTISITSEPOIS.F0
ONON4.IPARti61-PARt2621.0R.CSIOTO
O 2001(5.-IPAATIFFI-PARI2TF2ITHRTSN30DISTFO
DIONI.I.STIOZOONITOZOOREITDRR
0201(2.1.5.10I00N3.OZOONEIORR
DIDNI=1.510IUDESITORR
DIDORI.ICSOSO.F1-WFZITTIRLR.UNITSSITSO.CNTEITISSITSWCO-CSITCHII
OIDDRI.OIDORI.FOTF0
OIDDR2*IPARTETFIeSSI.SOTF2ITIIRLRAUNITC9TCN-EleSNTSSITFOTFO
DIDOR3.ICWTSIITGI-CDAG2IFIIRLRAUNITSSI.COPTWO
OZ0DRE.-IPART6' GIISSISOFGEITIIRLIOUNISOIFOFF0
DIDDR5 IRLRAUNIASSIS9CIDEPISSIFSNTC9-CSIFCNI
DIDDI15 010ORSTIPARTIFFI-PART2FF2OT0IS
DIDDR6.1PARIIC1-PARIZTE2IFIIRLRAUNITSSITC9'DISiTF0
DZOOR7.-IPAREI.FL-PARIETFEITIIRLRAUNITCOTCN-EITSNTSWOISF0
010101.1PAREITGI-FARTETGFIIRLATUMITSOTOISFD
01011 1.5 IOZOORITUDORETOZDOP3OIDOR41.ORT
OZDR2=1.5.IDZOOREFOIDDREITORR
DIDR3.I.5TIDIDDR7OZDORSIDRIT

AFT ***** EFFECT OF TONER SHADoN

0C00=-INN6IAILITNEETAIETIFFOTORR
DCOLI.-INNOSOTCNOITOCRITWORR
DCOR1.-INNOTTAIL33ANTATIAIL55ITFDORR
IFIIII.EQ.11 THEN
FE9.9.11.
IFII.EO.I,OR.l. E0.41 FE0=1./8.
IFI1.11.41 IN=A
ELSE

FE02./T.
IFINIEST.EDJI FE5.4./3.
IFII.E0.1.0R.I.E0.KKI FESsial.
ENO IF

3 START THE SINPSON INTEGRATION
211.21IFFE8TOZII
2I2II2OFEBI01121
1I3.ZIEFFES402171
ZIT/IRLOTIMIE1
215.1154ER102151
II6ZIEFEOFIDZIEI
ztr.tir.rtuntr,
ZIO.2I6.FERIDII81
219.2194ES*102191
itio.zitEeortim

ZI12.1112.M1021121
itiuttis.rommtso
ni4=illwle.lortt41
1115=21150E11.1011151
7116.Z116WIDZI161
2111.211,0E0.1021111
illS=Z11114E010I11111
ittuzitweitozus1
ZMDD=Z000.FEOI0211001
ICOZ./COIFEOTIOICOZI
ICDI.ZCOIFFED.IDIC011
2CO2sZCO24E0.10ZCO21
11(01.ZKOIJFEADZKOCI
11(02=ZKO24EVIDZKO21
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PROP 's Output

'THEORETICAL PERFORMANCE OF A PROPELLER TYPE WIND TURBINE

OPERATING CONDITIONS:

WIND VELOCITY - FPS 32.3114

WIND VELOCITY GRADIENT EXPONENT - .0000

HUB HEIGHT ABOVE GROUND LEVEL - FT-

ALTITUDE OF HUB.ABOVE SEA LEVEL - FT

ANGULAR VELOCITY - RAD/SEC - 7.7597

TIP SPEED RATIO - 4.0000

PITCH ANGLE FROM NOMINAL TWIST - DEGREES

PITCH ANGLE AT 0.75 RADIUS - DEGREES

CONING ANGLE - DEGREES 3.5000

BLADE DESIGN:

NUMBER OF BLADES 3.

TIP RADIUS - FT . 16.6560

HUB RADIUS - FT - 1.6250

SOLIDTY .08600

ACTIVITY FACTOR .00000

NACA PROFILE 9999

NUMBER OF STATIONS ALONG SPAN 1

CHORD AND TWIST DISTRIBUTION

50.0000

100.0000

6.0000

6.0000

PERCENT RADIUS CHORD-FT TWIST-DEG

100.0 1.50000 .00000

PROGRAM OPERATING CONDITIONS:

INCREMENTAL PERCENTAGE - .0200

ANGULAR INTERFERENCE FACTOR. AP - 0.0

STANDARD AXIAL INTERFERENCE METHOD USED

TIP LOSSES MODELED BY PRANDTLS FORMULA

NO HUBLOSS MODEL USED
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PPoGFAH AEPo TINPOTOUTPUT.TAPtil C 4

COWICU 1.......3 C

CCHI10,1 /STIFF/ Al 1,E10, AGJ.GJO.RNR.OS C 150E PI NOEST VANIA PLE Wu! SECTION

EXTERNAL 104.11N C

C
C

C
TININ=SECON011

C THIS PROOFAI CALCULATES 7HE POWER COEFFICIENT AND NIHOWISL PRINTS

C FORCE CGIFFICIENT FOR A HORIZONTAL AXIS NINO ft./PUPIL PRINTZ

C AND GENERATES TNT Z.ofFFICIENTS OF 50115110N OF NOTION kEAD.0.11CRR,EH.OFR,ANIN,Xm4x,09X

C or TH.. TU=9ITE SYSTEM PRINT 3

C
REAOR;CD6.CLN.CLFL.AOR

C
PRINT 65

C
PEAD.M.AST.SI.PITCH.ORTOITA

C
PRINT 66

C
READ.FT,OcNo,RC.RH

C OREGON STATE UNIVERSITY PAINT 67

C MARCH 1510 67 FORPATI INPUT SFLAR CENTER POSITION ES/c ACGi Wink or MASS L

C
REA0,ESC.KCG

C
PAINT 50

C FILE AssICNPENTs 58 FoRNATI INPUT I AND G 1

C
RIA0.AE.AG

C INpul FOR WEPT OF INDEPENDENT VAFJABLES PRAHT SI

C OUTPUT FOP PROGRAN 45550615 70 THE USER 51 FORMAT I. INPUT CNICA:R4C01.8.4. I

C TAP( I FOR A LISTING OF THE P5ORRA4 OUTPUT RIAD.ON.PNOOL.A.M4

C
PRINT 68

C
RTADS.SUPp

C VAPIAPU:S INPUT FiON TELETVPI 66 FORMAIISIPPRESS INTERNED. OUTPUT? IVI'l

C
C

C 9 5UH5EF OF RiAncs C

C 9CRc DIHENSIONLESS CHORD TO RADIUS RA110 AT BLADE ROOT C HEADINGS AND CALCULATIOH OF CONSTANTS

C TM SLOPI OF LIFT COI FFICIENT CURVE C

C ORR INCFUNINT4L INTEGRATION STEP ALONG THE BLADE C

C COO HININO4 OPAL, COEFFICIENT writcli.cco

C CLM MAXIMUM LIFT COEFFICIENT NRITEI1t1i1 60CRPOCNO.F.T.RCOTH.9RT.ORTA

C PITH PITCH ANGLE -I11 DEGREES .

NFITEII;61CLMiCIFL.IN.ASTiA6PiA16.000

C RFT TWIST ANGLE AT PLDE ROOT-IN CLOSETS NRITE11,91 AmIN.VMAX,ORR.S1

C OBTA IfiCREHENAL TWIST ANGLE CHANGE -IN [AWES CONTS.PI/I88.

C AtO ANCLI OF ATTACK FOR ZERO LIFT AE..S8

C AST STALL ANGLE OF ATTACK rAf.i.

C SI CONING AfiGLE IL=IL/R

C RT RADIAL PCSITION AT WHICH TWIST ANGLE CHANCES SISICCNV1
C OCNO INCREMENTAL CHORD CHANGE RATIo CSI=COSISII

C PC RADIAL POSITION AT WHICH DLA01 CHORD CHANCES SSI.SINISIT

C fin N119 FAOIPL POSITION DOTA=DDIACONVI

C Pig! LIFT BREAK ANGLE OF ATTACK ABR=ADRCONVT

C
ALO=ALOCONVT

C
AST=ASTCCNVT

C OTHER vAFIAPLE ASSIGN1IATS AHAX=P1/2.

C
ZLOT=1.

C A AIIAL INDU:TION FACTOR COE=CLFL/MOT

C CP PCWER COEFFICIENT CO2=1CLFL/ZLOTI 11.SINTASTIT/I.ESIN12.ASTIT

C CT WINOWISE FORCE COEFFICIENT ROSE=ATAN11.41/CLFLI.471

C XL LCCAL TIP SPEED RATIO EHT=CLFL/ISINIANAX-ASTII

C SETS LCCAL TWIST ANGLE. 200 NRITE11.211PICH

C CL LCCAL LIFT COEFFICIENT xotmlo

C co LCCAL DRAG COE FFICIENT ANG=85,1CONVT

C 9CR LOCAL DIFENSIONLISS CHORD TO RADIUS RATIO RIR=RT/F

C PHI LOCAL ANGLE OF RELATIVE vuocxtr WITH ROTOR PLANE RCR=RC/F

C ALPHA LCCAL A1GLE OF ATTACY PHR=RN/R

C
C

27 CoNT1NUF

C KK=0

PI=3.141592E356 V=04R/X



C

KLA1
IN=S
nsA.C23
oxAOrRA
DRAEIFFE
ThumAIR-Rpi/oR
NUNATNu4
NANur
IFINNN.M.TiluNt
KL=1(

N=NUnft

711.712A1I3A/14.715=716=7I7A7le=1I9=7110=7111=7112A7II3=7114.0.
7115AlliE1117AZII5A7I15=0.
thRF=ZH7F=Zipo=?NFF=i4F0A7400=7He0 =lciws=7CFF=icP0w1cFpAicFF=0.
ZEFOrICORAIC0F.7(00AZCO/A7CDIA2co2AIKRH=IKRFAIKR0iIKIRA2MFFoL.
7KF0A7K0FAIK0FA7KOOAZKOZ=IK0IAZKO2AtHRA/HFAmAe.
ccOASHOPASIJFA5100 .v00.5cop=scoFAsCocASc01=5COJA5c0KA0.
SFDPAsKIFAIK00=5vo1 AsKoJASKOKAO.
scpolASM72=SCF0IA1CFO2ASCO0IASC002.0.
sKFOL=SKFr2AsKIDIASK/02=sK001A5K002.0.
V..52=53.551=552=5534.
cHcosAGnsiN=GFC05=0,51N=GIcaS=GEsINAGocos=SOSIN=0.
GA32.2
GwAG/t
IuL1=IOL2AML3A10RIIA1DR2A70.13A70w1 Azow2.1oN3=0.

CIAO.
CPAO.
AlAAPAATOAO.
APO = -IC0EIscRR-7OCNol
7FA0.7
79.cOSIP1/2.IFI
RiAsnFTIII0.66661/IX8.E666.1.3211

KEwSOFT18,7.L666/11.0.056E4.04$
ClutprA4.11.-2.ACI
KL=I
to.AH

JUAI

C CHECK To SE( IF N011310 OF INTERVAL IS IAN

C VEN t/3 FULL 000-3/0 PULE ON Mk 72517
C TIME INUI.KALS

KHALFAN/2
IFTIN-2KHALFI.EC.1I 'M=E
IFIKL.E9.10 GG IC 555

553 IFISuPP.MiNyi GO TO 555
NFI1F11.151

555 IFIKL.E0.11 THEN
NHALFAJ11 /2
NTESTAJU-2NHALF
(ESC
NHALF=1/2
NTE5T=1-24HALF
EhniF
RLRAML/K
RIR2AELK71(
KL23A0LF2*Rco
KIR7AELE3.1115

C CALcULATIEN OF ELM_ TWIST ANGLE ANo
C LOCAL CHORD TO RAaluS Ratio
C
C

C
C

RER=XL/X
EAA(1.-PCII,(1.-CLI
EFSHLAEA
FpIGAE./PIAcCSIEF511
71011.-PcRIAIG.
70.12.211-I.
CCRACCRF
IFIPLR.GE.RcRI 7cR09c4R-RDCNoIRLR-RcRI/II.-RCRI
If IFB /G.NE.0.1 9cRIARcR/F0IG
CIABCR/R
EPAIESC-KCGIcil
EIAIESC-.251TR
E2 =10:75-EScIC0
E3A10.5-EsCICR
CVACRR/V
SITAAANG
IFIGLR.GE.RIRT RETA=ANG-ORTAIRLR-RTRI/11.-RTRI
BETAABETAPTCHCoNoT

EHEIENIRCRFXCSI/I2.4RIT
StELwOCR/015/01
AHAAsINIUN/12.71,1EnlI-ALO

C CALCULATION OF AXIAL INDUCTION FACTOR
C
C

IFIRLRA0.1.1 THIN
CLAALRHAAO.
PHIARETA
A=I.
ELSE
GA4.II.-2.ACI
NA4.AC*11.-ACI-CAC
ANACCIF.).ENCSIICOSIIETA-ALOI-ILSINIRETA-ALIII-H
AAAP/I0CKFxENCSICOSIRLIA-AL010
PHIAATANIti.-Al/KLI
ALPHAARNI,MIA
IFIA.G1.ACI GO lc 50
RIA7.OCRIACH.XcSE.COSEOLIA-AL01
CI*OCKF Ew KCS:1:7SIRdTA-ALOT-XLSINIEhTA-41711
0171-SIRT1712-16.CIII/A.
PHI=ATANIII..-41/XLI
ALPHA=PHICETA

30 CLA2.REISIHIALRHA.AL51
IFIACSICLIAT.CLNI GO TO 507
CLAIABSIALPHAT/ALRHAIcLH
IFIReSIALFHoI.GT.A4R1 CL7fALF0A/AISIALRLIICLIL
1NANCRF*I.CLoc51/12..PII
02AIG.HEN7721/2-I1121
COAIIII211.AL21-H01/1E2-N21
130040322C2
IFI000N.L1..61 A=3.
IFT0CCHA3..01 GG TO 32
AA-52*5IET102.ZCII

32 CINTINUE
FHT=AtANIII.-Al/KLI
ALPHA=PHI-7110
IFIACSIALPHAI.11.0971 CLAtA1S(ALRHAI/ALHHAIGL1
IFIAGSI4LRHAI.G1.:1R1 CLAIALFHA/AnsiAL.NAII.CLIL
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OvEL.0.5Y.PAIP
F0.1.
FO.E.

7PYIRLF-TH5I/FS
ZP2=IPIP
7P3=TP27P
ZRA./p37p
F1=6.7P3-4.IP3TIP4
FFP.12.7P-12./R2y47p3
FIPPY:2.-24..7..12.A3p2
FP=2.Zp-IPIP
FPP=2.11.-7P1

FpHpy.p.
SUmE STATIC MODE SHAPL EQUAL DYNAMIC NODE SHAPE

C

EITANG=CSIS511.-AIAALFCSie
NNORM.IDNCRMAY5NCRMAynTAIWPTANSI

O SI=DYNA AHASS DN OM TE.T SO CB 11.-SSISSI1-RITSSIC01FFDRR
DSI.DYN TAII-III1iOHD4SSICSICMFFPORR
OSS.I.FITNCROFFYLNYCRYORK

SINCE BOC=ODUCOS
PAUL= -nnuc
DSSIYOYNAAmASSON IRLR CSICSIAERSSICSISITTPAUL3RA
D SSE=-DYNA ATIASS 04 041SBSDAISSICBI2.1FFFFORT
DSSIi111.11AFilliFFPEFFOR,ORR
IFI1M.E0.11 THEN
FID9./8.
IFIJU.E4.1.0R.JU.AM.1 FFMPT.fey
IFIJU.GE.41 IM=0
ELSE

FFS=FT FEB.2./3.
FISF=FIF IFINIEST.E.0.01 FLB=4./3.
FFSpp=FFRp IFEJU.E0.1.0R.JUAM.NUT FEem1./3.
FrmLyTH ENDIF
FFHSR.FFHF C START 1K INTEGRATION
rFusepAFFHPP SEIS1IFEROSI
wv.FFSO5R3 5252/FES2
Ne.EFSTOS SI.S3KODII
NER.FFSPROS SSI.SSI1FEEIDSSI
CH.COSIMP1 SS2=SSEEFEWOSS2
SwYSINIPPI SS3 .SSSFEBOSSI
CED.CPCW-SISN EliEEDX
CP.COSIDLIAT RARYBL/B
SB=SINTBETAT IFIRARAI.RHRT THEM

.

C KR=KIR
C CORRECTION OF 430C SHAPE THAT BASED ON LENGTH OF THE BLADE XL.S14RB
C IF -PHI NOT ON THE RADIUS OF THE ROTOR 1 CORRECTION FOR DERYTTNUP-HUH10kR
C ASS.0:11P1hG.STIFFNESS MATRICES 1 ELSE

C ENDIF
FF=FFYPS JUPJUTI
FrPP=FFPRFAS IFEJU.LE.NNI GO TO 555
FRP.Fpp/FS ELSE

C ENOIF
CALL SUPFCRITC11.11M.K.R.ER.EI.MUC.AUCOU:.AEUC.ARK.EIRUC.AUM.AAU IFIAL.EO.11 THEN
IH.ABlim,AUCOHT
UOYUM.UC OS.ISILS2S3I/ISSEASSLASS31
IwPDFAUC NV11E11.5101 OS
UcFCYRUC ot.10.4i

urro.voro.nuc KEPI
UAPO..UP ORRFOE/A
AuDYBUP.BUC IFTIN-APALFT.E0.01 THin
AuCPDAAAOC IHY0
AUmPo.A,AuH ELSE
DPCPD=AUCF0mARK: I11 .1

BUMFD=AurFO=Amul ENDIF
RUCFOYDUPFDYalUC GO 10 553
ONUm.ICUC ELSE
SO.5108.141 ENDIF
C3=COSIPLEAT C SORE COFACTORS
OISYIALGYUCICSI-w2SsI PARTI.SSISH-CSICmel
DYNA.6.,1Am0PVI PARI2=C5ISi

C PARTI=CSICM-SSISIEl
C SOLVE rco OS (cum TIP OEFACCTIomb PeRT4PIALF.UNTCO.44Sw
C PARTS=TELF.UMISw-NRC4

IFIAL.LO.11 THEN PARTECTISWSSICNC0
DhOPMAP-c5 C111.-AI.XALRCSIS3-XE3SSI PARIE.R,11.1FE.SR.C461114.001SSIS9.CN.K.SR.SSI.SREL3RAVIII



CPOE=1 1401W0eF211FFP-UMPI.SYT
070,0=1::.*OTNAIpmASS.01.4cRol.CP02.CPOScF040scPC5110.CPOGIoRR
CFPT=OucP3.1,AFTIA4NGPO'SOCSI.FFfERtrEmfUCT.ST.SN.FFp.FP
CFR2=EF.IFS5I.SWFFPFP.FR.S9.CooSSICM.FF.FP-EROuc.cm.SO.CSIFr
CFR3.1.F.TN.PAhT11.rFP.FP-IR.SM.SOCSI.fP.FF
CFP4=AI1. OM.PARIIFFRFP
CFRS.I..NT.CF*C40,22.IFF.C4-UAFO.SwlFP°R/V
C7CFR.TOTNA.TANAES Om ICFPIFCFP21erp31CFP4IIPSToFR
07CFF.DYNA.TAMASS.04.(9UCF0R41TI1CFOSICSIFFIT
07CFF=IOTCFF 3.FI/V 1-R U0FO SN.CwFFR11FF.C4-UmFlSWITORR
CF01.mR.TSVSNtISSOCAI"Z.T4EA,S9,C0,1i.-SSIoSSIi-TRI.RiUCT4SSI4CO
Cr02 .,1IRLFUCT CSI CSI-OFSSIC5IC4.EFSSCSISAUC
CF01,-AAI2-1131.011.1SSI*CSICIPC2m4SIMM.II:5I.0012.-SSI.SSITI
cf04.3.*Two1.FI*NO2.F21IFFcw-UNFO.SNI
07CF0=1-Z,,OYNATAIASS.ON.ICFOPFF.cFC21FOKFOS.FFP.FOITCF041.0RR
07COP=3.*NME.TIVR.ICH4.TAILI.CTA.TAIL21.P1/8..CR.CR.RoPARTI2I/V
OZCOP.OICOP.FPFCJ'A
DICOF=3./V*I-F,UILTO.SwoCw.FF.01.01.1A11.14SI.TAIL21.F0.0Fk
OICC0.3.*I1mo1fF141402FI1TAILIFIWOOGI1w0I.G21.1A1121.F0DRR
C001=IINCI.F1-143i.F21TAIlltINOT.FI,NCL.F:161:41.41,WFO
Cp02.14MCG:-402 G21 TAIL5-1W03*GINwocilTAIL61DF0
07COT=1.SICODIKCJWORR
02COI.IPART FI-FARTZ.F21 TAIL341PARTIGI-PARIG214TAILS
OZCO1=1.5.0701.0FOOFN
D7CD2.1PA2TI FI-PAATE F21 TA/L4-IrARTI.G1-PAF12G21TAIL6
OICO2=1.5OZCO2V1iFOORR

STIFFNESS cOFFFICIENTS MATRIX

NTLR.AuCol-CW.CSIoSiFl.CSPCO.F21
rp1=-ERERICCISOS441SSICR102.1-1CRCR.ISSISW2.10
PR2=-LF EF CSICSPIE.SSIC8Slcw$WSMI
PRT.[Ty%F.S3*C9.l1.-SSI.SSII,ERIkth1UCTSSI.CSI.SO
rp4=-AUC.IUC.CSI.CSI-AAOC.IIRER.UCICSI.CSI-S3PCSI.INRCR-LR*S811
RTS=GP.FPFFPA.
PR6.3.*1-x.miLP-Mr2.F2-Wk2.CP.CNA.FRI.IIIFR-11NP0.SNI
Pr7.1.01kN0+5wAO11.7.Nwri.FR.FP!
OIRFT=TOTRA.(A4ASS.ON01.11PPI.PR2oPP31.FR.FR.F.P4ItRP5I)
Rog.TAIE-AI31 04 641SSISW-CSICm.001,.EFPFP
or3 IA12-A17104.04,CSIoCSIS3'S9.Fr.Fr
07KPP=EIXFPFOYNAtroPPP91
07KPP=107KrPOP6APP71aRF
prizER EFeSO IC9 Sm 11.-SSISSIT-SSICSICNIFrPFP
pF2=-1.1110115IO ASSIClI2.1.55I.CSICOSWI.FF.FF
PF3=kr.NAI5TOISB.S1.1SSI.C112.1-COSSPCSICOTFFP.FP
RF4=-IRIPLR UCT ISSICSCIS4-05ICSICm)FFpFp
RF5=-AUCEUC.CSI.CSI-AOUCIfFERWCI.CSPCSI-SSI.CSPIRR,CO-ERSOI1
PF6=-1Al2-AI.21.0WOVCSI.SVPARTI7,Fip.TR
FF7.-3 1wFfi1UFF211EIFm-Um.0sm)
PFe=3,WNOTOOMPOim.0.0.0CN.FFP1
OIXFFAIDYNA84ANASS.ON.34*(PrI4RF2.PF3.PF4.0F5IOF61.PF7tPF81.0RR
ZFP1=3.1-X.1'EEP-mRV.F21IFF*Cw-UNFaSMIA3;AuMFONNOSW
IFP1=IFPI-7 NE2.CTC11AFPIFFCW-UNFCSNI
Obar.IOYNIAmASS OH*04.1pFl RF2oRF3sPF4,,PF51FF611,7FPORR
IFF1=-ISP SO ICO SSII2.0FrFF-CSICSIRUCBUC
IFF2=-1111ROCIESI*CSI-SS10CSI.ImRC0-0.18IT03UC
IFF3.11II-AIII.OV34.C2M.ISSISSI-ICSI*C01...2.1FFPFFR
IFF4.401A1I-A131.04.011 .SSI.CSISm.CMCRFFR.FFR
IFFS=EIFrrPFFIV
IFFE=-3,. IINFTF11NFF21IFFCw-uMFO.SNII
IFF7.7..0,0*ISmFFFFP.SRUMF7VNFOCMFF.0
OIKFF.MA.gamASs.04,0447FF1.7FrZioIFF3.7FF4.7FFST
07XFF=1C7xFF.7FFE2FFTIORR

C
C
C

OPT= -NPVFOIFZTAILAG2.1411.71-mNoAUNCwCSISOF0
OPI=OPI-IFTAILI.G4TAI121F0
0m2.-0610 TAUNCSI.C7F0-PARTIFPF0.111
0R3 =I-8.NELP.IAILI-AAUO.I-CRCSI.SR.GIK51'C8.52V.TAIL21.F0
5700i3.I0P1i0010031,OFR
OF1=-INFIFleNFVF21.TAILIFO-INFOGI.wF2'SITTAI(2.F0
OF2=MNO.CSI.S13.(SW.ThERIWWFAP-OUNCW-ok.CW.PFP-FF.SNI.F0
OF3=NNOWPARI FFP-F0-111019UMCSIC4-SFFt
OZKOF=3.10FIT0171'0F3IfORR
ZO01.11C S FI-CR.F21.1AtE3FTPART6FI.SSISRF21141l40.FOFO
7002*ITICWITPG1;.C.V.G2181AILF-IPIRTE.FITS$1451.G21.1111614FD.F0
07K07 =1.5.47001010021.00
OZKOI.IPARIA FI-PARTVF2ITAII).(rAQT161-PArT2621.1AIL5
07101.1.S.07x01.0110FT.OPR
02KD2=IPARTI.FI-FARt2 F21 TAIL4-1PARIA.G1-F4PTG211ATE6
070(02.1.507XD2'GIS.F0yoFR

ORCING FUNCTIONS

HP2.ER.RFICN ISO.7R ISSIC7I2.1.SSICSICO.SNIFR
MPS'-461.(Rtg4uwospcm.suisspcsvictocuiere
NP4.AUCIIRERUCTCSI CSI-MR.SSICSICO.ERSSICSISOT
HP5=1412-AIIIONOMCSISPAPilFP
NP6.3.*RNO.III.FP-ONPO.5WI
0Z10.1OrNA IANASs 01104 INPI.min.NP3.1041O51EICkR
NFI=NRISOSIOISSI.C81"/.1AERSO*C0.11.-SSISSII-IRLAIUcloSSI.CR
NFEARUCTIFER4UCIFCSI4C1I-WRISSI.CSI.CoiERSSI.CSIS01
1413=1A11.-AI31.0WON.ISSI.CSI.C1.C2W.Sw.cN.11CSIC01..2.-SSI.SSITT
N F4=-EFFPPFFTOS
NFS.3.mNO.IFFCW-UNFoSNI
OZNF.lOYNATANASS04.0 INFIFF.mF21NFFFPNr41NF51ocr
07110.3.*INN0.TAILI-NTOTAIL21FONRR

EFFECT OF TONER SNAOCu

C

DC00.-IWN0TAILI.NIO.TAIL5IF01FP
OISNPIA-UCRO.FARTII.ARCN.S1.1/1*(RER.UCISSITFR-ER.LR.CmCSI.FP
OZSMORmIANASSOZENPI-A11.PARI3'FPI.FO.ORT/OVEl
OISOF1.-UCFO.PAHTI1.SN.IYL.IFIR.UCT.SSII.FF-ER.MFF
O 7SMOFAI1HASS07SNFITAIVSSI.S1AFFP1or0.0FR/OVIL
DISNOImIANASseRAEI.PAL2-AIIFARTIVPArTI-AIVCSISSIWS01
075 4(00.I07SP0I.APARTI.PAR761.FCCRPMEL
ISHOI=ITOCSI-mR C4tRSPI2ITLSSITRER.UCTIE
29102.- IpART13..2.PALV$I.PAGT11..21
7SN03 .Al1ISTU.S9 I2AI2'C9COTAITICwS412
7SN04=,IAIPP2R13..21AI2'ISS165110,24573 RA111"2)
O 7SHOO=IAMASS 17EMOIUS1021M03.1$4041FDF0nRR/oVEL

ZSCP1.-CR .2 P mTFR.ICulTAIL3tclATAIL51.F0 /v
ZSCR2=-PI/7.*WICF001.FPPARTI.F0
OSCDP.IZSCPAtn7P21.04k
7SCP3=TIRUC.CSI-ER PARTEO.FRI,P3L24RAIAUC*SSI-LRPAFTFP11
ZSCP4m1A13-A121135.SWICSICSI-SSISSITA2.*SSI.CSIMWSR.cel.FR
ISCP5=-NA.0O3.1E1FP-UNP)S01F5
OSCR02-14N0101.7(ii.FP-UrPl.Smk.ORR
OSCROI.C75CR5A0motd4aSS./SCP3.ZSCR41.FD/OVELTOFA
DSCDF.IN.UDFOSN-CW.FF141/V.IFI.TA113.WI11151.F0141
750F2=ANISS.01.111OCCSI-SSI.C1.FrloPAL2.PALI.IROVSSIIIA:SI.CAFFII
I50F3.-IAII-A13104.cOFFR
ZSOF4.-mN003.IFF.Cm-U4Fa'SwIeF0.015
OSCF02.-FH01.OIS.(FF.CM-W,F.P'SMS.1RR
OSCF01.7SOF4.1-75OF2.75UF31FOORR/9trEl



C
C

RANT0=R/VolY1.C1.411J.09155.1.CO.NR.CSII
P1RI9=R/V.IYL.PAkT6IRLR.001.C9.cw.NR.SN.c0.(3.50.50$
PAPTI0=R/V.IW.SSI.SR.IRIR.UDISRI
RART11.4.59.CSItfRyCSI.CR
PART12=C5CNSI39C1
P0R113.0fSSI30.1.0951
TIFI.III.28*S411.141141.SSI*59.,Sw-Nk.C4.SSI*594.1PAFT61.FFP
TLF1=1IFI-Sw20129.Fr-IUN.SSI*50.04
PAct.IFIPWCI.C.s1-4R.SSI.00.1R.SS150
1.112=y1.141.F.uCI.S3I.114.CSI.00-FRoS9oCSI

11111=1FLF UNI Cw451SaSNCSIstiotiP4RITI2
It112=IFT.F,AP11I.C51.50-NR.SSI
T111_3=Y1.E0,0444cafilml.SSI.SWCW.NR.SW.SSISO-WPART3
TAIL4=11 PA-d6.11.1.2.0NICflCw.4PSiiC0-flSNS0
1A115=VLC9tIRLPiu414551CRiWOCSI
ICIt6=YL.V.11S9.0-1.Rm41.S0

vt.cSI.S.-111.-A141.11RLR.11010C5I*C9-Nk.SSII
01,-poRTI.(1.-41-1(.11RLIT.O01CNoCSI.S9owRSNCST.S8-(3.PAP.Ti2I
Nt2=N11NNNTwi
110 .1.2CCCF
WNO.NLZCT.
FI.CRIk.CNNNKNPNTI
r2=CR12.040T-CUPRNI
G1 .CR12.c9m11c0PNil
12.CF.I2..C901-COP.1011
Cl.C.RWECI.AFP
c4.CRNr2CT0FP
11ELP2.AU0f-C4C5150111.CSIC4621
wp2=XE3PARTI2FP
WrI1=-RLF11241.-01FF0
NT1200.11 LR.U0150C5I.S0FFP-450.CSI.S13.Fr-X.wR.GN.CSInSoFFP
VF13=-XC3PARftffP-K9U0 oCTOCSI.S9
wft4wFil.wfi2.4F13
wr2.-x1551FF-auocscal
mc1.olpir.un.cwcsi.59.ms.swcsi.59 -13.1511.smcsifswce11mFo/v
102=INRS51-IRLR.1.101CSIC91RF0 /V
Nct.irl.51.c.1.111,..unloSSI.S0.Cw4wR.50.551..50.E30PART3IM/V
NO2.0,11ITOC,IIFIR4U0).S.ST.CIIINF.T511
NGT.R/VoITOISSI.C9,,C0*.i4"CS11.1FCR.UOI.C901NPSN,C0.1350.501
114.1/Volvl.S5P,SOWCR001m591
11101 ="ou1.FI.ptC120F2
W101=PARTI11-PAFtG2
Whly..pAFTEF1g,551.39F2
10103.04.E.?FI-C9F7
4107=PAR1f.G1.551.3912
NT9I.CN.5001-0062
111002=003*F1.004.F2
11073-01C1F1-102F2
41002=140361.004G2
NT003=NG1G1-NOG2
FIN() TNT INTEGRAL COEFFICIENT: OF TAR 000 TAN .011

SAN.11.5/PII
OCTDA.4.I1.-2.11
Oill.00ICA,01501s01002PRPAIGCSI
IFIPAT.ACI GG IC 301
0111.1GluART/3CIGAI3711

901 A02I2.11,1;11.F1-PATI2*T21.1E18,A,13-1,0C14.S51,301
00212m.IPAR11Gt-PARTG21IPART5PaRTI-PA114PART61
07I2.SAH400712.1,0712I.3IS.CPR

A0713.1PAFT F1-0ARTF21.1-115059.PtR14C0I
00213=-IPART1 GI-P4R12G21IPA5T5SNS9$PART4cWS01
0713.50M.1119713.00113101S.W.,
0714.SWICR.50.F1-C11.F21.IET,PART3-PAR14.3510591FO.DR9
DZI5ISA8,IPANTR,F1.551.0.F.04IC1SNS0-PART4.00I.F0CRR
02I6*SAP.10450G1-00 GilIPARTSPAP13-PART4PART61F0.DFR
01172.SAN IPAN16.GINSSI SA.G21 IPAR14.045000RT5Sw.S91FO.ORR
D IIII=SA IPAFT7 11-PART9 F2IICPARTI-.0FT4SSI501FGkR
O 719.-SAWIRAFT9FI.PART10*.21.1PART4.C9-1.1.50.541060kF
D IT10.41SWIPARI7.GILPARTO421.1RART5oPAR13-PART4.eAK161.F00.:N
D ZI11=43A1,+10AR19.011PART10.621,1RART4.CN50PAF.T5SliSOiFO*Of4
0III2=SAN.ICN.S0*F1-00.FEINIE1.1054-P0R14..:01F0.CRR
0iIi3ssANIPARTWF1.SSI S0 F21.1-E1PARTZWARSSI.501F0.0RR
(17114..3AP.1C10,51361-C9.621IRART5.SNeS0.1,0RI4.C1C.S01.F.PORh
O 7/10=-SAI.IPART4 .G1.SSI.STI*G2I.IPART500R13-RART4ePAFT6I.F0CRR
07116=SAM IPAPT, F1-PARTRF21E19050-PART4C91FDDRR
O 2117.01.41P41.19tiiPAi110TF21.1!1PART3-PIFT4fSSPS01TO.ORR
07I10..SWIPARIT.G1-PARTP,G21.1PAR15.50.59.PART4°C4.SalFODRR
07119.-SAP.IPAPI9oGt.PARTIOG2IfIPART5PAFT3-0ART(ongtvioF0.0Rh

C MASS MATRIX
nycL=6.9.111ov.v
01144.13./OVELI
O INPP101UC0060C0C-2.*UCROwERSIWPTERERFP.F1,1ANASS.AII.FPFP
O 7NPPOYNAOZNPPIORR
OZNFF.OYNAWASS IUCF0UCFaFFFFI.412FF01T°10RR
01.10N.NR.ISIPSR411151011..2.1.ER.SEIC3.0.15S1501.02.11
02.1RLITAICI..2.*CSI.CSI*2.*IPLRWCI.SSI.C51.(FR.S..Ng.C11
03.2.101*ER.SR.00.CSI.CSI
04=111153MMiCSI.C9.541*.2.0012,C51.CSI50eil..113.PARTI..i.
D /400.00 IANASS(01.02.031041F0F0.OPP
001=2.Il.ft.4..YL.NF CSI C9.4 1,1IRLR.UCIS51-4..Il.CITSP50
0C2=010.10*11.i1CSI.C91s.2.1.1.14.EP11..ISR2511..2.1
003.101R.UCI82011!OSSIoS911-2..LR*NR.S0oC011.-SSI.SSII
O 04.2.*IRLR.UCTNRSSI CSIC0-2.1RIRWCI.ERSSCSSO
COSEICS11011..2;TISSTISOC81.42:CTSIOSCI4.2.-2.4S5VCSI!Sw*Gw*C0
006m(ISSIS9I2.+.19C41.1112
007.1CSI.301..2..ISSICW.C31..?.01CW,S01"2.12.*SN.CwS3I.CSPC0
O 7400=CVNA.11010$5.1001002.001.0041.0411005.006.ATMCWFWOORR
OTNPF.DTKPANA3S10CPWUCFD-UCF0.ER.Sw.FP*ER.CNFF.FPIORR
P01.PART11.1-UCPC.ER.S4fF014RCN.IIRCR.uCI*CSI.COLT.SSII6FP
p02 .litinstocw4csl.cnswoFp
02100.0TWIANA55*P010.02).F0.09R
ZFOT.-UCF0PAPT1IMPLA.00IoS0*CSI.tR*SSIIFf
TF02.AICSICIFFp
071140=OTN481ANASS.IF0I*U021.F0.00R

C
C CAMPING COEFFICIENTS NAMIX
C

CPPT=OUCPDPARTIIUCP0 CSICIFP-AUCERCRSe.C51FP
Ce1.2.- w SSPF0FP.ERIRLROCICRCSIF..r0
CPP3.3. NT4CR FP ICNC2 (EIFP-Um.0101.P//8.CFCPAleV
02CPP.10Y04VIANAS5OWICPP1CPPZII.CPP!1Cf?
CFFI.AUCFC.PAFT11.UCF1.iFCiPSRCN.FPWT.30.540CSIFr.44,
CPC2=1R.IPLRWC1.50619.151.FFR.Fr*ERLF.SSIeSN.FF0.FP
CPF3*-(V.CIPPAr.T11.,FFP.FP
CPF1,1112-1131,0P.PARTWFP.PP
C0F5.3..14/0.1-C.00F054CleTr.01.411FP-Omoo.7w,
07CPF=f0TIA.I111ASS.04.1CPFICpF2.cOFII-CPT41.CRFSIs3Fii
CPOI=CR.TR.ISSI.CSI E030-$160.00.11.-SSI.SSITTFP
CT02.-TRNR.00R.151*501.1001.C41.2.1ESTCSI.C1.50).FP
CP03=ER.TRI.0.UCI1231.,C31.514.55I.CSI.C.0.CwIF0
CP04*AUC.IIRLF4UCT.CSI.CfT-NFSSICSI.C94,R.551.C.S1901
CO05.-1012-1131.6WCSI.SPPIPTIorr



C
C
C

OSCD0=-IIMI.E1twO2.171.TAI13,1401GTH02.G21.TAII51.00.069
0:C32.-1114R.S.I.IF..I.11YL.CHRFC1-00'S9T°RARTIlfIRIF.UclPARTIII40
OSCol.EIATI-AIII.ESN.Cm.SP.3ST-CvCW.CSI.SRCTII-AI2.CSISHCoITo
OSC04.-1141003.T4IIIHRI003.T41121.F0FC.WR
OsCOC2.-(060114 IIIIW1 O1'TAII21,01IFTO.IRR
OSC00I=DSC044(ANASS.OSCOZOSC031.0P,F0.0AP/OVEL
05001.1-wHow.TAIL4*N40103TAIII*HT002.TAIEitwTOWTAIISIFED.E0FORR
0503) .114NCVTAII!f4t01.0011.5/0FO.DIS.ORR
OSOOF=114NOEFIA114-1.1411.1AIL61.31SROFORR

OSKPI=IwTOILI PARTI Fo.AUM,SSICOIiHNOiAUNiSSI.SOCNI,FORR
OSKRZ,(1WP2.FEWHELR.F,IFTATII*IPRVGZWNELF2641TAIL510EDFORR
OF02=CSRP2.HE2CSFFP.ICHA.TAILIKTA.TAII5I.F0FORR
OSEDP=ESFPIIOSKPE
OSKFI.E-W110 TIFI4WO,9UISSI.CRIFOFDRI,
OFK12.111WRIFT1.612Fil.TAIETAINFT.GI.I4-2.62101411.51TOORR
OSKCF=ISRETiGSKTE
OSK00=1-NtsOF1AIL4.NT0FTAIL6IFE0IIRR
DFA01 =I-HhO IAII4.wNO3' IAII34AT0TAIL6.NT03.TAIL51.TOF0.ORR
051(001=IHN0ITAII3.4TU1TAIL5Io1SFOORR
OSKC0.1NNOI.TA114-RTOI.TAIL6101SFF0FORR
OFAPC1=-$,NO3.I11F2-UMPOSNI,E0FORR
056002=-0N01DISYIEIFFPUHROS41,DRR
OS1101.-1001.(FE.Cw-UNE3.SWIF10008
0S6102.-kAJ1DISIFFCN-UMFDos41040
O5K001.-IHNI1TAIII*WTO1'TAIL21FO.FOoRk
OSKOOZ-IwN)1.TAILI.ODI.TAII0.0ISmF0.EIRE

GRAVITY TERNS

OGNCO5 .ANASSGR.I1UCP0-ERSW.M.CSI-TRoSSI.CO°01.FP1.04R/OYLL
OGNSIN.-AHASSGR.tiCNSBORR/OVII.
PGFCOS.ANASS.GR.IAUcP0.CSI-FPSSI.SOFFR.FRiFDPRMVEL
DERSIN.EVASS.GRER.CRFFF.FP.ORRPOVEL
OFECOS.AHASS.GR1100cPD-ER.CWR.FEPIcsI1ERFSSIFCS.SN.FP.REPI*ORR
oArccs=ocrcosinvEL
OCF5IN.ANA5S.4REF'SH.S3.FE.CFR.001/OVIL
TIGOCOS=-RMASS.RFEICHFSBFFR.FOORR/OVEL
OGOSIN.ANASS.GR IER.SSICRCNFP-UCPOCSTIFFOOKR/OVEL
IFIIM.E0.11 THEN
FIS.9./0.
IT(1.i0.1.06.1.10.41 FEI.E./A.
IFII.GE.41 1.1=0
ELSE

FE0=2.n.
IFINTEST.EQ.01 F11.4./3.
TE11.00.1.00.1.10.NN) FER.1./3.
LNOIE

C START THE slepsob INTEGRATION

712.2i2uE0.(07111
713.713.FEn.(0713)
2I4=II44ER.107I41
715.21StEEB.107151
116.716.TE7TOZIGI
ZI ='7I7.TEIOZI7I
7I6.7I0IFEB107I01
719=719.FE3107191
7110=7110IEE9'(07I101

7112=7I12.FEI*IC711121

E113.2II3'FER.1071131
III4=ZI14'FEE4.1071J6)
III5=III5'FIO.I071101
7116=7 116.FE8.I071161
7117= 2Ii7i1EO'fJ7U 7)

2111.Z119fFEWA071191
ZUPP.IIIPWWWWPO
imPT=EMPF.FERF10/HREI
zmpo.mosfee(074001
241.21irriti.p102rirri
21100.ZP00.FIR.INN301
MOO=2N00'FER.E074001
IHRO.ZITO.FEOF1024101
ICPP.TCPP.FEEIFIDFCRPI
ICPR=ICPT4FER.IDUPF1
2CP0 =2CP0IF1 0,1075201
7CFP.ICEP.FERIOZCFPI
ICEFFICEEETOPIDECFRI
ECROFICFOoTEO.107CF01
7ENP,.2C0F4TE8.1DICOP)
ZCOF.ZCOF0FER.102C011
ZC0007COOTTE8.107C301
7C07.2C07.TER.107071
IC01=2C01,FE8.402C211
ICO2.1CO2.TE8102C)21
TKPP.ZKPPoTEEPIOTKPPI
IFRF.ERPF.TEVICIKRFI
21(10FI6E0 OE8.1021.101
ERFT.ZIEFF.FERFIOZFFFI
miz=tkozsree(orKvi
ZKOP.IKOP.FER.OlicoP
ItOraIKOFfEER071coF
ZK0IDMI.FEEIFI070011
1602.70021176'4010021
NPFEHR.FEEMOIHPI
ZHE,INT.FEBIOZHEI
COO.COWEBOCOO
SNDR.SNCPEFE9.02SH)P
SNOF.SPOF.FEOP025.1.0
SH00=SHDOTFEPOPSH)0
SN00.S1100.FE9075hli0
SCOR.SCDPFES.OSCEIP
SCOF=SCOFIFEVOSCHE
5E00=SCOO.1ENeosm
scoirscolEFEOSODI
SEDJ=SCOJOIMS001
SCOKFSCOR.FET.0300(
SKOR.SROPTEEEVOSTC.
SROF=SX0E.F1000369F
SFOG*SK000FE9'OSvO3
SROI.SKOI$FEEVOSKOl
SKOJ=SKILITFEEPOSIMJ
SKOK.SKOKITEPOSKOK
SCPOI=SCPOTIFEPCSC.01
SCP02=SCP32.FE9FCSCRO2
SCFOI.SCF01*FT9'CSCFOI
SCIDE.SCFUITE9.OSCFP2
scon.sccotavoscaol
SC002=SCO02.FEI.ES5052
SRPOI=SKPEI.FIR.DS<RDI
SXF.02=SRRE2tit9PS<P02
SVEDI.SKFEI.TEAT,SCFDI



SVF02=SKFC2101,5002
WRITE11.40210011

SV001.SVCCIIFT9CS(001
WRITE11.5051 CP,CT

SR002=50GC2/FE9.GS<OD2
WRITE 11.1051

ONCOS=ONCCSTFE9.04COS
0611111.4051 I11PF,IMPF.711POTHEFaMFO.7900.7M00

GIKSIN=GNEINIFFI.CONSIN
NFIIETT.E061

GPC3E.GPCOSIFIl.DG PCOS
IMITE11.4061 7CPPaCPF,UP0,7CFPOCFF.7CF0,ICOP.7C0Fg7C00.2C00

GPSI4tOPEINIFTWOGPSIN
0011611.5071

GECOS=GICCSIFLO.OUCCS
HF/TEI1.4051 IRPP.7KPFZAFP,IRFFOKOP.IROF.2A00

GRSIO.GESIN.F110GFSIN
NFTIE11,5081

GOCOS=GCCCS.F11CG0C05
W11E11.4001 7HP,ZHE
NIII0II.4071 600CL.SOU.SKROL.S.PWIL

ySTI,GC.1-1N.R14.0GOSIA
7H0t7140.FE0107H01

IMITE11.5131
NR10141.3141 6OCO5.GNSINtGPCOSIGPSIN.GFCOSeGFSINt60C05,GOSIN

IIICUPP.10.1HTI GO TO 41 RRETE11.5151 SHOP.SMOF.SMDO.SHOO

IFIGER.EO.RHRT GC 10 554 WI0E11.5161 SCOP.ICOF,SCOO.SCDO

IFIRAAT.51 GO 10 43 0611E11,517) SKOPSKOF,SV00.5400

554 RFITT11.16)FIRoliOPHLOOTT.DAL.CE.CO.00RICP3.CTO
NRITE11;3111 scoo.scrNscod

KK.0
wRIT1II.3121 5.(PC.SKFO.SA00

43 CON11hUE
NFitE11.5101 COO

RAMCK*1
AL.Xl-DY

DPR=0A/X

RIR=AL/A
2=X10)01VBX

I=Ifi
IFIT.GTOTPAYI GO TO 40
GO FO 27

LF241.1.M4R1
IM:4

40 CONTINUE

11=RHR7
DPR=ITRUM-NUMIOFR
ELSE

RtA05.CANSR
IFI0ANSR.65.1HY1 GO 10 300
MINI 6IOW

IFIT.CE.ONT GO TC 555
REA0.PICH

C
GO TO 200

C CALCULATE THE YAW ANO TAR RATE VARIATION

C
C

IFIRER.10.1.1 THIN
C FORMAI STATEMENTS

SROIL.SJOSEtSKROIlsSADEL.O.
ELSE

73 OIN0.1111-2131..2.21Z.Z12
E FORMAT. FORCES INPUT SEQUENCE.)

SAUL.11714.715.216.71711211.4131.412171121711342114.11151)/OENC
2 FORMATE. WRITE 0.0.71M,EltORRICAHIN.XMAA,00.1

SJOEL=11714.715.716.7171.71244711-M1.1111201114711.44711511/0EMC
69 FORMAT.' WRITE ALE,ASI.SI.RIIcH,os.TA F001,01E1A.1

SJOCE=-SJCEL
66 FORMAT)' WRITE RT.3C0001CRH*1

SAROEL=1718/71911111,7111112I1-7131
3 FORMAT VRIlt CO IEROi CL 4A1, CL FLAT, ALPHA ORIACI

SARo6L.I$KR3EL-71217I16.71174atisini4it/oiNo
4 FORI4AIICC YOU RANT ANOINIR PITCN ANGLE? 111'1

SJR011.171007I,MITIO0I111712
5 FORMAIIAIT

SJR0El....fSODEL.1711..713).17116.7117.7110.711911/0CNO
6 FORMAWINPUT PITCH ANGC(.1

CHOU
0 FORHATIIEWAEROOVNAHIC 04111*//.6XII.CLM..EVIo'CLF0.41,,4.4,40,'ASI'

ZC3 O.LICOI15)ROEL7C01..SKFDEL*7O02
1.11WAO6.?Tit'ALtt71...C20../7F10.1/1

2V00.7R071530117E31..SVOIL7002
9 FOMIATITSWOPERATIONAL VARIAPEES.//54../NIN.61,0Y1AA.,73.ORR..

SC00 .,SCOIISTRDELSCOJIS5EDELSCOR
10XWS1./4F10.3/1

SV09.5140ITSJOEL.SR3JT5KOILSVOK
15 FOR3ATII5WOHYSICAL AIRFOIL OATA.//1731..O..7W4CR4'.61WOCRO

SCPO.SCP01.3JTOEL*SCP12
1142.*111'.0WRE' 5WRN.,03..9R1..63..00I4*/8,10.3/1

SCED.SCR0I/S3ROWSCF02
60 FORHATI////25A0FR3S111 OPERATING CONO/fIONS'/I

SCOO=SC0DI1SJ6DELSC002
21 F01HA1I///253..PROGRAH FORCES OUTPUT AT PITCH t'.F7.3.. OEGMES.I

SKP3 =SKPOIISJOELSKPD2
15 FORNATIM/A1.' PCV..60.'0.01WPWOMOOETA*.

SKED=SKFOITSJOSKFCZ
153s.AEPMA974.00.7A..CD.OX,.9CR*03..CP4',73.C14.)

SVOO=SRODITSJDZSKON
16 FORMAT 12110496F10. 3.43.2R9.51

C
100 FORNATI//153.1.THIS RIM USED'oF1.3.3A'SECCNDS*)

C CORRECTION FOR HASS COIF. DUE TO TOWER 5H0004 SO 17 IS IN 407 FORMATI/ 33. SRDIV.123..SJ7W.120SVRO.O.123..SJPCotE'/.

C FORM Of IHIJ-HIJS1 405 VAINN;113:.012.611swW.-SHOP
SmnF.-SmoF

406 FORIA7112117.G12.01

SN00.-SHOO
400 FORHATI3140.G/2.610

SHOD = -SHOO
402 FORHATI41. 11 t III = ..111

OFITE11,70011R.E1.12.13.M.AO
505 FOPMA11//.61WMPP..121WMPF*.027,..160..12WHRF',120,.MFO..123



1.'900'.122..M60.1
506 FORMATI/7.6WCPF',1111..CPF'.11X..CP0.,11X,=CFP...11X...CFF..11K,

1' C70=.11WCO..11114..COF'1117.'000..11WCDO.1
501 FORAP/1//.6,..KPP'.12WKPF*.127,=KFP'.17X11.K7".12X..KOP.,12Kt

1=KOF..121..K001
508 FORNAT17/.6WHP142X,'NF',12Xio'NO=1
509 FCR9811734..CP=. e.F10,5,811,' CI. ..F10.51

500 FOR4411/,11.' OS s =.012.60

513 FORMAT177.2X..GOCO5',97(0.CNTIN',93,.CPC05.0911.*GPSIWOWGFCOS..
190.=GF51h=1,930.04033.001.805W1

514 FOR9A11811X412.610
515 FOR0A1/.44..SHOP = '.012.6q. 59OF = ..012.6.' SM00 = '.012.6.'

157100 . '.1112.61
516 FOR98117,4X.=5COP = '0012.6.. SCOF '.012.6,' SCDO = .10412.6t.

1SCDO
517 FORMATI/.4X,'SKOF = '.012.6.' SKDF '.012.6.' SKDO = '.012.6.'

15K00 = ..412.61
51'0 FORML117,0COO = .0112.60
111 FORD8117.4X0'SCP0 = '.612.6,' SCFO = '.612.6,' 5000 = ".612.61
312 FOR4ATI/.48.5KPO scFn = '.612.6.' $1110 '.612.61

70C FOR9804/.80e. ED..17..61'.900'22".9K.F3.4;94o=42'.9WAG'
11,25.611Cl2.1.211,

300 TIDOUT.SICONCII-I/OTN
NFITF11.1301 TIMOUT
STOP
CND
SURPOOTINT SUMKOMITOO.TIMATO.28.01.63C.AUCOUCgAAUCgABUC009UCIA

1OD,SPUNIPEUMOU00441
CONDON 1,8015
C69D00 /TUFF/ EI.010.6.11,CJOOTOR.01

C
UC.AUC=8A0O.APUCITUC..AUN.AAUM=A9UM.AUD.O.
ALOW.PHP
AplGosli.18-61461,05
NOV
075.(ANIG0-8L04174
0733=OFT73.
815.111.04
K=040
CC 16 T.I.K
IDATF.I/2
ITT50.1-2.1110TF

71.045
112.7P./P
713=7P2=2P
IP4.713.7'
FF.6..752-4.'7P31P4
FF5.12..75-420.712.40,77.0
FFPO.10..24..7P112.0p2
FP.2.*ZP...7P2

FFP.2.611.s7P1
NR.FF=05.1.5
WP.FFF=O5
NFP.FFPP=OS
CHCOSIDP)
SO.3141101
DUC=..0.5=WP°11P=55
10M0.TOKIIR.CP.38,FP,FPPO5511
TONT=1011101.08.50,FP,FPP.OPPI
213=-03
1093.1091163107.54,FP,FPp.wPpl

OAUC.-NP*TONO
DIUD...4P1091
0A00=-MP70113
O CAOC.0011.10M0/43

Ilt18".4170tXRIrtNRJP.FPPINPP.FFP,FFPP)
TIN1.119101.00,511.FPaPPOIPP,FFP.FFPPI
0A8UC.UP.11140-FFP.(0110
D A911N.NP11111.-FFP.IONI
DETOUC=aFFF.FFP.45

FIlF:gEST.20.01 Ft9.4.
trit.co.c.oc.t.c000 FE9=1.
UC.U6 TFEPOUC=0453
AUC.AUCTF00.DAUC=ORS3
AUN.AUWEB=0009=01233
AUD.AUDIFEB.D8U0.0853
01AUC.FAUCIFE908AUC0851
AAUD=AAUNTFEO081109.0853
ADUC.AOUC=F013.08OUC=01150
8PU11 .AOUNTFEPOAOUI.0853
05110.BOUCTFES.030UC.DITS3
OUC100UC.05
RES.0154005

10 CONTINUE
:TKO

FUNCTION TON1810.00O.E.F1
COMPON lifAS
009.10.8=EsAn*F.D

WRETURN
FUNCTION TIOIAO.C.0asFeC011
COMMON 1o$.65
113 .PC4I,6 4PF,0,044011C.O.M

:LOU"



AERO' s Output
PROGRAM 0ERATIN6 CONDITIONS

PHYSICAL AIRFOIL DATA

8 BCRR DCNO RT RC RH ART DATA
3.000 .259 .009 .440 4.293 .640 5.000 4.000

AERODYNAMIC 0.14

GIN CLFL M AST 41111 ALO COO
1.350 1.000 .690 45.000 15.001 4.200 .014

OPERATIONAL VARIABLES

ORIN 11442 oRR SI
5.000 0.000 .000 0.000

PROGRAM FORCES OUTPUT AT PITCH 0.000 DEGREES

OS .184656E-02 CPA .140291

PC11 A PHI BETA ALPHA CL CD OCR CPO Cie
1.9500 .5496 5.416 1.229 4.187 .416 .010 .236 .00442 .01364
.9000 .4361 7.142 1.459 5.664 .960 .021 .240 .00601 .41494
.0500 .3053 6.230 1.600 6.542 .042 .024 .244 .40761 .01407
.0000 .3591 9.103 1.917 7.165 ..104 .026 .248 .067.73 .01424
.7500 .3446 9.914 2.147 7.7E4 .160 .020 .252 .00753 .01141
.7000 .3354 10.751 2.376 0.375 .217 .110 .256 .00710 .01250
.6500 .3200 11.670 2.606 9.064 .201 .003 .259 .00676 .01157
.6000 .3123 12.911 2.015 10.076 .350 .037 .259 .60620 .01051
.55011 .2725 14.419 3.064 11.754 .350 .046 .259 .00560 .00694
.5000 .1624 16.524 3.294 05.230 .000 .149 .259 .00362 .00669
.4500 .1452 20.003 3.523 17.279 .040 .096 .259 .00194 .00409
.4000 .1291 23.510 3.152 14.111 .020 .270 .259 .00125 .00.09
.3500 .1141 26.849 3.902 22.867 .000 .361 .259 .00067 .00144
.1800 .1002 30.956 4.211 26.751 .000 .504 .259 .00032 .00200
.2500 .0674 36.152 4.441 !1.091 .000 .607 .259 .00021 .00016

.2004 .0744 42.739 4.670 30.069 .000 .703 .259 .00016 .00147

.1500 .0645 51.202 4.499 46.363 .976 1.030 .259 .00011 .00171
.1200 .0556 55.066 5.000 50.666 .093 1.157 .259 .00006 .00157

ER 21 t2 63 AE AG
.561383E-02 .215911E-01 .215917E-010. .104000007 100900.

N 68 RN 40

CP. .33989 CT .12107

HPP HPF NPO OFF 0F0 HOO 1100

.157624E-04 .651147E-03 .144155E-04 .219360 .366113E-02 .522231E-01 .100066

CPP CPF CPO CFP CFF CFO COP COF COO
.536570E-02 .763335E-01 -.2952271-02 .199193E-01 2.32045 -.247565 .314543E-01 .377816E-41 n454314E-02 .114960

KPP
66.3611

NP
.3917171-01

KPF KFP oFF OOP KOF
.603635 -16.2901 1646.61

HF HO
-.133702E-14 .535171E-01

KOo
.490210E-04 - .166905 .603421E-02

LOD



SKOEL SJOEL SKRDEL 5J110E1
-.828084E-08 -.184278 -.135561 -.171143E-01

7001. .002750 2KOR .006862 800N .000141

GNC05 G8518 GPCOS GPSIN GFCOS GFSIN GOCOS 60518
-.860416E-05 ...8893526-04 -.862575E-05 .665593E-03 .4651376-02 .811153E-06 -.424971E-04 .310925E-05

5NOP .130047E-04 51106 -.447942E-03 SMOO n1055161-01 5500 -.172469E-01

SCOP -.113900E-03 SCOF -.537733E-02 SCOO .295852E-03 SCOD -.757413E-01

540P .202176E-01 SKOF -.106168E-02 51100 -.516E18 5000 .487995E-02

5CP0 .230411E-02 SCFO -.585418 SCOD -.176797

WO .260802E-02 SKFO .166275 5000 .2342460-01

COI -.215451E-01


